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c : Model chord 
CD : Drag Coefficient 
CD0 : Zero-Lift Drag Coefficient 
CL : Lift Coefficient 
D : Drag Force 
I : Current 
L : Lift Force 
l : Local coordinate tangent to the airfoil surface 
M : Mach number 
N : Normal Force 
n : Local coordinate normal to the airfoil surface 
P: Actuation Power 
p : Pressure 
q : Dynamic Pressure 
Re : Reynolds Number 
St : Strouhal number 
s : Model span (width) 
u : Free-stream velocity 
U∞ : Free-stream Velocity 
V : Voltage 
x : Stream-wise coordinate of the wind tunnel 
y : Span-wise coordinate of the wind tunnel 
z : Vertical coordinate of the wind tunnel 
 
Greek letters: 
α : Angle of attack of the airfoil 
ρ : Air density 
μ : Dynamic Viscosity 
 : Axial (chordwise) coordinate of the airfoil 
 : Normal coordinate of the airfoil 
 
Symbols: 
∞ : free-stream conditions 
 
Abbreviation: 
DBD: Dielectric Barrier Discharge 
EAP: Electroactive Polymer  
LE: Leading Edge 
NUS: National University of Singapore 
PZT: Piezoelectricity  
SMA: Shape Memory Alloy 





Morphing airfoil models which use macro fiber-composite actuators (piezo-ceramic type) 
to the shape of the upper skin were designed and fabricated. The models have shape close 
to the NACA 4415 airfoil with a chord of 150mm and a span of 158mm. Preliminary 
measurements have been made of the deformation of the upper skin with different types of 
actuation. Measurements of the aerodynamic properties have been performed in a wind 
tunnel at 15 m/s (Re ≈ 150,000) with different types of actuation. The results obtained 
indicate that aerodynamic benefits can be obtained by changing the shape of the airfoil. 
This technology can be developed further and used to design a wing with morphing 
surfaces for improving and maintaining the aerodynamic performance at different flight 
conditions, for maneuvering without ailerons, or even for active control of the flow over 
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Chapter 1 : INTRODUCTION AND THESIS OUTLINE 
 
1.1. Background 
First successful flight 
Successful heavier than air flight with propulsion was first demonstrated by the Wright 
brothers in 1903. The first aviation trails were created by Otto Lilienthal [1] in 1891. He 
was the one who studied the gliding flight in birds and based on these observations 
constructed gliding planes which are very similar to today’s hand-gliders. His method of 
gliding was to exercise control by changing the center of gravity by shifting his body. The 
wing of the glider was a rigidly curved (cambered) airfoil shape. His airfoil design has 
reflected the progress in gaining the understanding of aerodynamics in the nineteenth 
century. However, it was not easy to maneuver as it tends to pitch downward.  
In October 1903, Samuel Pierpont Langley launched his Aerodrome monoplane but it was 
an unsuccessful flight. The plane crashed soon after leaving the launch pad. The failure of 
the Langley’s monoplane was considered to be caused by aeroelastic problems. This could 
be due to the wing’s torsional divergence [2].  
These events lodged in the consciousness of the Wright Brothers. Despite Lithenthal’s 
death and Langley’s failure, the Wright Brothers did not give up. By studying and 
modifying their predecessors’ flight concepts, they became the world’s first successful 
aviators to invent, build and fly an airplane in December 1903. Their design concept of 
wing warping made used of the pulling cables to change the configuration of the wing 
tips.  It is considered the first variable camber wing. By changing the camber, it enables 




relatively light and flexible aircraft during the earlier days. As aircraft flight evolved, 
aircraft were built to carry heavier weights and fly at faster speeds.  
Therefore, stronger and stiffer wings need to be developed to accommodate these 
requirements. As speed increases, designers had often opted to reduce wingspan, increase 
wing thickness and live with the subsequent reduced aerodynamic performance in an 
attempt to save weight [5]. Soon the biomimetic idea of flexible wing warping method 
was no longer practical and was replaced with an aileron system introduced in 1910 by 
Henry Farman. 
Furthermore, the experience learnt from the First World War shown that thicker airfoil 
sections were better at creating lift than the thin profiles used at that time. Having a 
thicker airfoil section also gives more leeway in designing wings with greater stiffness 
and length. Aeronautic engineers continued to develop the path of conventional 
engineering principles which could be achieved with the technology available during that 
time.  
The idea of biomimetic flight was not considered an erroneous approach to aeronautics 
but just that it was implemented at a wrong time when technologies was still not advanced 






Many past researches had shown that variable camber wing concept using conventional 
high-lift devices were capable of improving the aerodynamic performance of the aircraft 
under different flight conditions. However, these systems involve discontinuous or sudden 
curvature changes in the airfoil cross-section and also involve complex and bulky 
actuation systems such as hydraulic and pneumatic systems and the use of electric motors 
etc.  
The motivation of this research is to design a morphing wing that improves the 
aerodynamics properties of the plane under different flight conditions without 
incorporating complex and bulky actuator systems which are used in conventional 
variable geometry wings. This concept can be achieved by making use of the state of art 
of Macro Fiber Composite (MFC) actuator to control and change the shape profile of the 
airfoil. The benefit of this concept is that the wing surface remains continuous to achieve 
a seamless flow while having the ability to change its shape with the flexibility to be 





The main objective of this research presented herein is to design a morphing wing 
actuated by MFC actuator which is capable of changing the upper wing surface of the 
airfoil. By changing the upper surface of the airfoil, it can modify the lift and drag ratio. 
Besides the above, the present research also provides a better understanding of:  
 Using MFC actuator to control and change the shape of the upper surface of the 
airfoil.  
 Suitability of Carbon fiber composite material as airfoil skin to withstand the 
aerodynamic pressure loads. 
 
1.4 Thesis Outline 
In the first chapter, background for the first successful flight will be discussed and also the 
motivation and objectives for this research project. 
 
Chapter 2, literature review will be carried out and information such as past and current 
research conducted on different strategies of airfoil morphing will be discussed. Different 
types of smart material will be discussed which includes an overview of the types of 
piezoelectric actuators currently available. This chapter also covers airfoil skin material.  
Chapter 3 will discuss the experimental program and setups. Test facilities, 





Chapter 4 will discuss the first MFC airfoil model. This chapter covers the design, 
fabrication and assembly process for the model. Experimental results of implementing 
MFC actuators on the initial airfoil model will be evaluated.  
Chapter 5 will discuss the second MFC airfoil model. This chapter covers the design, 
fabrication and assembly process for the second model. Experimental results of 
implementing MFC actuators on this airfoil model will be evaluated.  
Chapter 6 will compare the aerodynamic performance of an airfoil using MFC actuators 
with other control techniques such as steady jet injection and dielectric barrier discharge 
(DBD) plasma actuation.  
Finally, Chapter 7 wraps up the conclusion drawn from the entire design effort. This 
chapter will review the effectiveness of the design and recommendations for further 




Chapter 2 : LITERATURE REVIEW  
 
2.1 Conventional Fixed Wing Design 
The conventional idea of an airplane is to have a set of rigid, fixed wings to provide lift 
and a combination of ailerons, elevators, and rudder to control roll, pitch, and yaw. In 
contemporary conventional aircraft, fixed wings are used and are designed for a single 
point in design space representing the most frequent flight conditions that the aircraft will 
encounter. These fixed geometry wings are often designed for one mission capability or 
are designed as a compromise among several capabilities. Conventional wings are rigid 
structures which consist of a discrete number of control surfaces which may be actuated 
through input by the pilot in order to achieve a desired flight status. These control surfaces 
are typically the flaps, which are employed during landing and takeoff, and the ailerons 
which are used to control roll during flight. It is cheaper to manufacture the conventional 
design and the controlling of the aircraft mechanism. However, there is always a trade-off 
for this design.  
 The major disadvantage of having fixed geometry wings is that they are usually designed 
for one mission capability which often cannot achieve a favorable airframe configuration 
for other parts of the mission segments. They can only be optimized for one design point 
that is characterized by parameters such as altitude, Mach number and aircraft weight. 
Apart from this, the discrete control surfaces deteriorate aerodynamic efficiency by 





2.2 Fixed Wing Improvement 
The penalties of single shape design optimized for a single mission that exists in 
conventional wing can be reduced through the deflection of leading and trailing edges of 
the wing. By deflecting the wing, it changes the lifting surface geometry. There are many 
different ways to modify the lifting surface geometry. The most common method is the 
use of conventional hinged control surfaces or high lift devices, such as flaps, slats or trim 
tabs to change the geometry of the wing.  
However, these movable hinged and discrete systems are complicated mechanical devices 
with reliability problems. The gaps within the external mechanisms create discontinuous 
boundaries along the wing can cause early flow separation which may induce an increase 
of drag force and reduce lift.  
It is important to obtain a smooth, continuous control surface which can delay or reduce 
the onset of flow separation [6] and also improves lift and stall characteristics [7-8]. Many 
studies have noted that having a smooth continuous shape can be advantageous in 





2.3 Concept of Morphing  
Morphing aircraft can be defined as an aircraft that changes its configuration to achieve 
maximized performance at different flight conditions. It allows a single aircraft to perform 
multiple missions efficiently and even significantly expands its operating envelope. The 
configuration of the morphing can be applied to any part of the aircraft such as engine, 








Two main methods for altering the flow dynamics over an airfoil can be achieved by: 
a) Changing the boundary layer behavior over the airfoil surface such as energizing 
the boundary layer. 
b) Changing or modifying the geometry of the airfoil real time for changing free 
stream conditions.  
This thesis will focus on the changing the geometry of the airfoil. Due to the 
discontinuous geometry that exists in most of the wing designs, researchers start to 
develop a non- discrete geometry change which can produce a smooth contour surface 
when the wing geometry changes. Such changes are generally referred to as “shape 
morphing”. According to the Defense Advanced Research Project Agency (DARPA), the 
definition for morphing aircraft is one which can perform 200% changes in aspect ratio, 
50% changes in wing area, with 5 and 20 degree changes in wing twist and sweep, 
respectively, [15] during a particular mission. Several researches have showed that by 
applying the morphing concept on the aircraft, it can benefit the aerodynamic performance 
[14, 16]. 
Literature studies have shown that by altering the span-wise and chord-wise camber of the 
wing, aerodynamic loads can be redistributed adaptively during cruising [17]. This 
enables the designers/ operators to balance the weight changes of the aircraft, reduce the 
drag coefficient and the wing root bending moments [18].  Eventually, this also increases 
the lift to drag ratio during cruise from 3% to 10% for a typical transport aircraft [19]. 
Siclari et al. [20] used the stochastic optimization method to simulate the wing surface 




By changing the upper surface of an airfoil with less than 0.5% of its chord, one can 
change the pressure distribution acting on it which is useful for tailoring the lift and drag 
coefficients at high subsonic speeds [20]. 
Among all the components of the aircraft, the wing is the main part that aerodynamic lift 
acts upon. A morphing wing can change its geometry to accommodate multiple flight 
missions or to obtain better flight performance [14]. Aerodynamic performance and flight 
dynamics can be altered by morphing wings.  
However, morphing wing is not a new concept. The design of the first flying aircraft 
which was developed by the Wright Brothers as mentioned earlier, is actually using the 
concept of wing morphing.  They made used of pulling cables to change the configuration 
of the wing tips during the flight. As technologies improve rapidly, morphing wing can be 
easily controlled by a computer.  
The idea of using morphing concept is to allow the wing to vary its geometric shape in 
flight during encounters of changing flow conditions such as wind speed or direction. 
Morphing a conventional rigid wing is one of the greatest challenges due to its inherent 
stiffness structure. In the past decade, researchers have studied different mechanical 
methods in reducing the stiff of conventional wings to allow them to be morphed [11,21-
22]. However, by introducing these mechanical mechanisms, it contributes complexity to 
the system and also compromises both wing mass and reliability. Apart from variable 
geometric shape, morphing concept can also control wing surface to eliminate both gaps 





Several approaches have been proposed over the years in both theory and experiments that 
try to emulate bird wing characteristics. Figure 2.2 shows that morphing wing can actually 
be classified into three categories which include the in-plane and out-of-plane 
transformation, and airfoil profile adjustment. 
Under the in-plane category, it consists of a wide spectrum of methods which includes 
wing sweep, dihedral, incidence, span and chord changes. As for the out-of-plane 
category, it consists of gull change, differential twist, drooped wing tip, wing fold, and 












2.4 In-Plane Transformation  
In-plane wing transformation involves a two-dimensional surface movement which allows 
changes such as the wing sweep angle, wing span or chord area. Recent research study has 
shown that radical altering of the planform area and configuration of a wing will affect the 
performance of an aircraft. 
 
2.4.1. Wing Sweep Angle Change  
 
This method of morphing allows the wing of the 
aircraft to achieve different sweep angles during 
flight. This is to change the wing configurations to 
suit various flight conditions (Figure 2.3). By 
increasing the wing sweep, it will increase the 
critical Mach number and dihedral effect and at the 
same it decreases high-speed drag. On the other 
hand, by decreasing the wing sweep, it increases the CLmax. The aerodynamic performance 
at high speed regimes such as dash maneuvers is also improved as the sweep increases. In 
1965, Page [26] has discussed the characteristics of wing sweep for different types of 
aircrafts. 
Figure 2.4 shows some of the wing sweep designs. They are categorized into four types of 
wing paradigm. They are the backward swept, forward swept, variable swept and oblique 
swept wing. 
 









A number of operative experimental and utilities variable swept wings aircraft which were 
introduced from 1940s to 1970s. Bell X-5 was the first jet powered aircraft that was 
capable of changing the wing sweep angle. After this, wing sweep design was adopted by 
different aircraft such as F-14 Tomcat, F-111, MiG-23MF, Tornado IDS, B-1 Lancer. The 
Ames-Dryden-1 (AD-1) prototype exploited this performance of the oblique swept wing 









(a)                             (b)                             (c)                                 (d)                              (e) 
Figure 2.4: Different wing sweep designs (a) Unswept, (b) back Swept, (c) forward 




















2.4.2. Span Length Change  
 
This method of morphing allows the wing of the aircraft to extend and contract in the 
lateral direction (Figure 2.6). By changing the span and wing area, it also changes the 
aerodynamic performance of the aircraft. In order words, this type of morphing method 
changes the aspect ratio of the wing.  
 
 





Figure 2.7: RK Fighter prototypes developed by G.I Bakashev: (a) RK [31] 
(b) RK-I [33]. 
By increasing the aspect ratio, it increases the L/D ratio, 
loiter time, cruise distance and turn rates. However, it 
decreases the engine load requirements. On the other 
hand, by decreasing the aspect ratio, maximum speed will 
increase with a decrease in parasitic drag. Larger aspect 
ratio increases some performance parameters while shorter 
span increases maneuverability. Therefore a variable aspect ratio wing would try to 
incorporate the high speed and maneuverability benefits of low aspect ratio wings while 
increasing flight range and fuel efficiency from the large aspect ratio [28-30]. 
Apart from that, by extending the planform area, it also helps to increase the lift. Figure 
2.7a shows an earlier design of span-wise morphing aircraft named RK [31]. It was 
designed by G.I. Bakashaev in 1937. The wing had an articulated surface which can 








In 1941, Bakashev modified the RK’s design by adding a telescopic glove which 
extended from the fuselage to cover the entire span of the wings (Figure 2.7b). This 
modification changes the wing area by as much as 135 per cent.   
(a)                                                          (b) 





Mestrinho et al. [34] have developed a variable wing span which is actuated by a simple 
electromechanical rack and pinion mechanism (Figure 2.8). Their wing design has 
proved that by increasing the speed, it improves the stability but at the same time it 
decreases the roll rate. Moreover, the variable-span wing can perform steady turns with 





























Figure 2.8: Variable-span wing system with (a) Ball bearings (b) Center structure and 
mechanism details [34]. 
Figure 2.9: Variable-span wing mounted on the UAV prototype [34]. 




Neal et al. [35] have developed a fully adaptive aircraft configuration which is able to 
extend wing span and sweep using pneumatic actuator.  By combining the changed of 
span and sweep, the aspect ratio could change up to 131% and the wing area could change 
by 31%. The wind tunnel test results have shown that variable planform capability can 












2.4.3. Chord Length Change  
 
This method of morphing allows the length of the chord to change either by means of 
extending the leading or trailing edge (Figure 2.10). 
Reed et al. [37] developed a chord length change wing. The partial ribs structures of the 
wing can slide along each other to alter the chord length by means of miniature DC 
motors and lead screws.  
Perkins et al. [38] have developed a morphing wing which can extend or contract its chord 
length by using the dynamic modulus foam (DMF). DMF is a low density adaptive 
structural composite foam fabricated from shape memory polymer (SMP) resin. It can be 
reshaped easily. DMF expanding in the chord length and the sliding rod within the foam 
will prevent it from expanding further at a required distance.  This concept can also used 





By increasing the chord length, it will improve low-speed 
airfoil performance. On the other hand, by decreasing the 
chord length, it will improve high-speed airfoil performance. 
Besides that, extending the chord length at the trailing edge of 
the airfoil can generate additional lift near stall condition [36]. 
Retracting the chord length also reduces the lift-dependent and 
parasitic drag. 
Figure 2.10: Chord 




2.4.4. Dihedral Change 
This method of morphing allows the wing of the aircraft to change the dihedral angle. 
Wing dihedral is the upward angle of the aircraft’s wing measuring from the wing root to 
the wing tip (Figure 2.11). The dihedral angle influences the dihedral effect which 







Increasing the dihedral angle of an aircraft can lead to increase in both lateral stability as 
well as the rolling moment capability. Conversely, by decreasing the dihedral angle, this 






Figure 2.11: Dihedral wing aircraft [25]. 
Figure 2.12: (a) Dihedral wing (b) Anhedral wing [27]. 
 




Low-wing aircraft (Figure 2.13a) which has a center of gravity above its wing commonly 
encounter roll instability. However, by increasing the dihedral angles, this can enhance its 
roll stability.  As for high-wing aircraft, it requires lesser dihedral angles (Figure 2.13b). 
  
 












Figure 2.13: Low-Wing Aircraft (a) High-Wing Aircraft (b) [39]. 
 
Figure 2.14: MiG 105-11 [40]. 




Boeing 737 and Hawker Siddeley Harrier are two well know examples for dihedral and 












2.4.5. Incidence Change 
 
This method of morphing allows the wing of the aircraft to adjust its angle of incidence in 
order to mitigate its landing and take-off distances. Figure 2.16 illustrates the schematic 
diagram of incidence change airplane. This design was patented in France on May 20, 










Aircraft XF-91(Thunderceptor) was the first aircraft developed in USA with variable 
incidence wing. This was designed by Republic Aircraft Corporation in 1949. High AOA 
configuration was used for take-off and landing while low AOA configuration was for 
high-speed flight.  
In 1955, Chance-Vought designed the F-8 Crusader fighter as a incidence wing aircraft. 
Besides providing low speed take- off and landing capability, the entire leading edge and 
the ailerons of the wing can be adjusted to improve the effectiveness of the camber. 
Consequently, this reduced the approach and landing speed on aircraft carriers and 
allowed maintaining a low angle of attack of the fuselage for better landing visibility.  
Figure 2.16: Angle of incidence of an airplane wing on an airplane [44]. 





2.5 Out -of -Plane Transformation 
This method of transformation is a three dimensional wing morphing out of its original 
plane which involved segmented surface rotation or folding that changes wing area. 
2.5.1 Gull Change (Multi-axial Winglets) 
 
This method of morphing allows the wing of the aircraft to change the dihedral angle 
between the inboard and out board wing sections.  This morphing concept, invented by 
Zygmunt Puławski [45], allows an aircraft to mimic the wings of the seagull during the 
flight.  The span of the wing is generally divided into two segments which can bend 
relative to each other and at the wing root.  
There are two ways to morph the wing using this concept. One is based on the gull’s 
shape and the other is based on an inverted gull shape. Figure 2.17 illustrates the 









Figure 2.17: (a) Gull shape (b) Invert-Gull change shape [27]. 




One typical design for gull wing aircraft is the Göppingen Gö 3 Minimoa. This is a single 












The figures below show two typical inverted gull wing aircraft designed during World 
War II. They are F4U Corsair (Figure 2.19a) and Junkers Ju 87(Figure 2.19b) developed 
by the Americans and Germans, respectively. 
 
 
Figure 2.18:  Gull wing Göppingen Gö 3 Minimoa [47]. 
Figure 2.19:  Inverted gull wing (a) F4U Corsair [48] (b) Junkers Ju 87 [49]  




Abdulrahim et al. [50] developed a variable gull wing aircraft which has a jointed spar 
structure that is controlled by linear actuators. The linear actuators allow the wing to 







Figure 2.20: The frontal views of three morphing configurations with a variable angle 
gull-wing mechanism (a) Unmorphed (b) Gull shape (c) Inverted gull shape [50]. 
(a) 




2.5.2 Drooped Wingtip (Vertical Bi-dimensional Morphing) 
 
This method of morphing aircraft allows part of its wing to extend during take-off and 
landing. At the same time, it can also droop or fold down the wing tips for high speed 
flight. By doing so, this can increase the lift and also reduces the drag. Figure 2.21 











In 1964, North American XB-70 supersonic bomber was successfully flown (Figure 2.22). 
The design using the outer panels of the delta wing which rotates downwards to control 
wing length in order to achieve a desirable L/D ratio at both low subsonic and supersonic 
speeds. 
 
By doing so, it also generates compression lift at high Mach numbers. At supersonic 
conditions, the drooped wing enhanced directional stability and drag via seizing 
compression lift. This also reduces pitch down as well.  
 
Figure 2.21: Drooped wingtip aircraft [27]. 




2.5.3 Wing Fold Concept 
This method of morphing allows the wing of the aircraft to change the wing area. The 
wing of the aircraft is able to change shape of the outer mold line drastically in order to 
achieve different missions. The wing design uses advanced skin material which can 
maintain a seamless surface when the wing folds during mission. Furthermore, the wing 
fold can also withstand high load deformation. By folding the wing, this allows one to 





In 2006, Lockheed Martin proposed a folding wing concept [52] (Figure 2.23). This 
design has a wide range of variations in span length, aspect ratio and effective sweep 








2.5.4 Spanwise Bending 
NASA Langely Research Center developed hyper-elliptic aircraft wing configuration and 
has dubbed this configuration as Hyper-Elliptic Cambered Span (HECS) wing.  HECS 
wing design synthesized a hyper-elliptically swept planform with a nonplanar hyper-
elliptical cambered span. To change the HECS wing configuration between a nonplanar 
and planar wing, a variable dihedral type of planform morphing must be implemented.  
 
When the wing morphed, it will transform into a curved down hyper-elliptic shape. This 
morphing method minimizes the induced drag during low speed cruise where the wing 
can be deflected to reduce the span length. The non-planar deflected wing also 
significantly improved the lateral directional stability of the aircraft. Besides that, variable 
dihedral allowed control in both longitudinal and lateral directions. Wiggins et al. [55] 
have developed a single degree of freedom mechanism to morph the wing to a non planar 
shape continually. Davidson et al. [56] have done a wind tunnel test which showed an 
increase in lift-to-drag, of 15 percent for the HECS wing as compared to a planar elliptic 
wing of the same aspect ratio and wingspan.  
 
Stubbs et al. [57] developed HECS wings which consist of several segments. Actuators 
located in the wing root were used to control the motion.  Manzo [58] also developed a 
similar design. The difference is that his wing segments were actuated by smart material 




Visser et al. [59] have developed a HECS wing and successfully done a wind tunnel test 








Figure 2.24: HECS wing model in wind tunnel testing [59]. 




2.5.5 Differential Twist  
 
This method of morphing allows the wing of the aircraft to gradually change its camber 
via variable twist angle. The wing can achieve low drag and high lift aerodynamic 

















The benefit of this morphing method is that it can control the aerodynamic forces and also 
the moments. Furthermore, it can also maintain the body level which is useful for 
controlling the airfoil surface. Besides that, it can also prevent tip stall behavior and adjust 
the spanwise lift distribution. 
DARPA/AFRL/NASA Smart Wing program developed a morphing trailing edge concept 
which incorporated twisting through the eccentuator design. The concept of eccentuator 










This type of actuator features unique output characteristics, installation and envelope 
efficiencies, and relative simplicity. The actuator can be powered by either hydraulic or 
mechanical inputs. A pair of eccentuators was used to deform a span-wise segment of the 
hingeless control surface (HCS) structure. These eccentuators allow precise structural 
twist control. Each eccentuator arm is powered by an ultrasonic motor either directly or 
via a gearing system [61]. 
Abdulrahim et al. [62] have developed micro air vehicle (MAV) with a pair of wings that 
can be twisted using a servo motor. The servo motor controlled the twisting shape of the 
wing in equal and opposite directions. Figure 2.26 illustrates the wing of the MAV before 
morphing and after morphing. This wing shaping concept can provide dramatic stall and 
spin characteristics that may be exploited for high-agility maneuvering.  
Figure 2.26: (a) Un-morphed wing, (b) Morphed wing [62]. 




Elzey et al. [63] developed an antagonistic wing which can be twisted using vertebrate 
actuators. Vertebrate actuators are used as the ribs of the wing providing structural and 
















Figure 2.27: Schematic diagram for Vertebrate actuator [63]. 
(a) (b) 
Figure 2.28: Shape morph with ribs actuated unequally: (a) left rib has high 




Figure 2.30: Camber is adjusted by Slat and Flap system. 
Figure 2.29: Chord-wise bending due to deformations of mean camber line  
2.5.6 Chordwise Bending (Airfoil Camber Changing)  
This method of morphing allows the wing of the aircraft to change its camber and also the 
chord length (Figure 2.29). By changing both camber and chord length, these will affect 
the zero-lift AOA, airfoil efficiency and separation behavior. Drag effects can also be 
reduced by adjusting the camber. The length of the camber can be increased by extending 
the slats or flaps. Figure 2.30 illustrates the trailing-edge flap which increases the lift and 
by actuating the leading-edge slats, it increases the AOA for stall and also further reduces 


















Changing the airfoil camber along the span has the same working principle as turning the 
aileron. While changing the airfoil camber along the span, this can also create a 








In 1920, Parker [65] designed a variable wing that can be configured into biplane or 
triplane aircraft. This design enhances the lift during taking-off or landing. Figure 2.31 
shows the biplane configuration. This figure illustrates that the lower airfoil is rigid while 
the upper airfoil is flexible. During high AOA, the airflow will cause the lower airfoil 
surface to bend upwards consequently creating an upward force on the flexible section. 
The wing has two static points (A and B) which held the flexible section. This upward 
force caused the airfoil camber to increase which eventually improved the lift. 
The changing of airfoil camber can be achieved either by the reconfiguration of 
underlying structure such as ribs or adaptive airfoil skin. Sofla et al. [66] have classified 







three methods to morph the wing. They are namely the internal mechanism, piezoelectric 
actuation and Shape Memory Alloy actuation. 
Most of the current aircraft in flight today are still using extensive hydraulic systems to 
control the wing camber. These hydraulic systems utilize large pumps to maintain 
pressure and hydraulic lines to supply the pressure to the flap actuators. Multiple lines are 
required to run the systems in order to maintain reliability of operation. This makes the 
whole system complex and bulky. Due to the complexity and bulkiness of such actuator 
systems, different alternatives to the hydraulic systems are being explored by the 
aerospace industry. Among all, the most promising alternatives are piezoelectric fibers, 
electrostrictive ceramics, and shape memory alloys. The properties of these materials will 
be covered in Section 2.8.  
Monner et al. [67] developed a flexible Fowler flap which has a flexible trailing edge that 
can alter the shape of the camber. Its flexible ribs structure was constructed with several 
flexible plates adjoining together to form the contour of an airfoil section shape. The 
desired degree of the camber was achieved using a single actuator.  
Wang et al. [68] have designed a similar concept by embedding the actuators at the 
trailing edge of the wing. Distributed piezoelectric stack actuators were embedded at the 











Bae et al. [69] developed an adaptive camber wing with a compliant beam. They can be 
actuated by piezoelectric actuators which were embedded within the rib to morph the 













Elzey et al. [63] used a coil resistance heating element (plastic coated wire) to heat up the 






Figure 2.33: Using SMA a) Un-morphed Chord b) Morphed Chord (Internal 
Mechanism & SMA method) [63]. 
Figure 2.32: Aircraft wing with adaptive camber [69]. 




DARPA/AFRL/NASA Smart Wing program also developed a chord-wise bending 
method at the trailing edge using eccentuators [61]. The conceptual design of this trailing 
edge control surface segment incorporating two independently actuated eccentuators. This 
method can obtain an optimal bending shape.  
Kota et al. [70] developed a novel design using compliant mechanisms to morph the 
leading or trailing edge of the wing. This concept can achieve a larger camber 
displacement by integrating the piezoelectric stack actuators together with the compliant 
mechanisms.  The prototype design has undergone a series of long endurance wind tunnel 
testing.  The wind tunnel result has shown that the compliant trailing edge can produce a 












Cadogan et al. [71] developed an inflatable wing that can be inflated and deflated 
depending on the needs of the flight condition. The inflatable wing was improvised by 
embedding actuators such as piezoelectric, electro-active polymers, shape memory alloys 
(SMA), pneumatic chambers, nastic cells and servo motors at the trailing edge of the wing 
(Figure 2.34).  
This concept allows the actuators to actuate the trailing edge with a smooth continuous 














Figure 2.35: Schematic diagram of the belt--
rib structure [72]. 
Campanile et al. [72] have developed a belt-rib structural concept for airfoils. This new 
rib structure has replaced the conventional plate-fashioned rib. The belt-rib structure is 
more flexible as compared to the classic structure. It can control the shape of the camber 










2.6 Airfoil Profile Adjustment 
This method of morphing is to alter the aerodynamic characteristics of the wing and 
reshaping the wing profile.  By changing the shape of the airfoil skin with an optimal 
configuration, it can improve aircraft efficiency. This can be achieved with the help of 
actuators such as pneumatic, DC motor, servo motor, PZT, linear actuator, SMA and 
SMP.  
2.6.1 Control Surface Morphing  
This method of morphing allows the wing profile of the aircraft to morph without 
significant change of its mean camber line. This can be achieved by changing only the 
upper and/or lower camber (Figure 2.37). 












Figure 2.37: Surface morphing can be varied without affecting the mean camber line.  
Figure 2.38: Thickness/ Chord ratio of the airfoil. 
 
Configurable airfoil profile 




Adjusting the upper or lower curvature can affect the thickness/ chord (T/C) ratio of the 
airfoil. By increasing the ratio, it improves the low-speed airfoil performance and vice 
versa it improves the high-speed airfoil performance. There are many ways to control the 
surface of a wing.  
Adjusting the airfoil thickness distribution allows one to control the aerodynamic loading 
during the transition from laminar to turbulent flow.  There are few methods to adjust the 
airfoil thickness. The most common method is using smart material to actuate the wing 
surface.  
Austin et al. [74] have developed this morphing technique using linear translational 
actuators which are in-build in the airfoil to develop an expansion and contraction 
deformation on the skin of airfoil. The ribs are trusses with actuators as diagonal members 
that are used to control the shape of the wing box. 
Weisshaar et al. [75] have developed an adaptive wing. The wing box is made of a 
laminated sandwich beam with a piezoelectric material integrated inside (Figure 2.39). 














Dong et al. [76] developed a surface morphing method which used shape memory alloy 
(SMA) springs to actuate the skin of the airfoil. SMA springs mounted on the wing frame 
which can accurately actuated required points on the skins to obtain an optimal profile 
configuration. Rollers were attached closed to the leading edge to allow the changeable 
skin to slide over a cushion when actuated. 
Cadogan et al. [71] who were cited earlier also made use of the inflatable wing concept to 
develop a morphing airfoil surface. In their paper, the inflatable wing was able to morph 





Figure 2.40: Different inflatable wing 
profile.  [71]. 
Figure 2.41: Inflatable wing with 
integrated SMA wires (a) Undeflected (b) 







Embedding or integrating actuators on the wing box section, allows the actuators to 
actuate the surface of the wing with a smooth continuous form without changing its 








Pinkerton et al. [77] developed an adaptive airfoil using piezoelectric actuator 
(THUNDER) to reshape the upper skin Figure 2.43. One end of the actuator at the trailing 
edge side was fixed to the airfoil to permit relatively free expansion and contraction under 







Munday et al. [78-79] have developed an adaptive airfoil using piezoelectric material 
(THUNDER) to increase the lift of an airfoil. Their morphing airfoil model is based on a 
Figure 2.42: (a) MFC actuators (b) SMA wires which are integrated 
on the wing span surface [71]. 
Figure 2.43: Schematic diagram of the design concept of THUNDER actuator [77]. 




prototype made by Pinkerton and Moses. However, they made some design modifications 
such as creating a groove for housing the actuators and allowing the actuators to be 








Namgoong et al. [81] developed a morphing airfoil which applied internal springs to 
control the upper and lower profile of the wing. Actuating the springs allows to either 
expansion or contraction to achieve the required airfoil shape. 
Table 2.1 summarizes various morphing airfoil designs which discussed previously.  
PZT Actuator 
Latex membrane 
Figure 2.44:  (a) Schematic diagram (b) Prototype of the wing model [80]. 








Parameter Advantage Disadvantage 
In-Plane 
Transformation 
Wing sweep  Wing Sweep 
 Able to combine efficient low-speed and 
high speed flights 
 Able to achieve faster supersonic cruising 
speeds 
 Improving the wing aerodynamic features 
(lift, drag, pitching moment) at transonic, 
supersonic and hypersonic speeds by 
delaying the compressibility effects.  
 Adjusting the aircraft center of gravity.  
 Improving longitudinal and directional 
stability  
 Spanwise flow effect 
 Has more drag at lower speeds. 
 In the case of sweepback, there 
is an early separation and stall 
of the wingtip sections 
 Excessive lateral stability 
 Poor oscillatory stability  






 Aspect Ratio 
 Wing Span 
Ratio  
 Good range  
 Good fuel efficiency 
 Able to achieve both supersonic  and 
subsonic 
 Improve performance such as  drag and 
L/D ratio 
 Take-off and landing length are reduced 
 Relatively low cruise speed 
 Increase Structural weight to 




 Wing Plan Area 
 Improve flight envelope performance and 
CL 
 
 Increase Structural weight to 
support long chord wing  
 
Dihedral change  Wing Dihedral 
 Able to control roll and turning flight 
performance 
 Able to control the aerodynamic span and 
flight dynamics 
 Enhance agility  
 Reduce drag 
 Improve the stall characteristics 
 Improve the lateral stability of the aircraft. 
 Reduce lift 
 Overly dihedral effect tends to 
lower Dutch roll damping 




Incidence change  Incidence Angle 
 Reduce maximum thrust-to-weight ratio 
 Optimum lift/drag ratio 
 Improve takeoff performance 
 Required wing incidence for 
every flight phase must be 
calculated. 
 Variable-incidence wing leads 
to short-period instability at 
certain airspeed range. 
Out-of –Plane 
Transformation 
Gull change  Wing Dihedral 
 Able to control roll and turning flight 
performance 
 Able to control the aerodynamic span and 
flight dynamics 
 Enhance agility  
 Reduce drag 
 Improve the stall characteristics and Dutch 
roll 
 High aspect ratio (Increase 
weight structural) 
Differential twist 
 Wing Twist 
Distribution 
 Able to control roll, Yaw and Pitching  
 Improve the aerodynamic behavior of a 
lifting wing surface 
 Alleviate gust 
 Maneuver load 
 Avoiding tip stall before root stall  
 Able to maintain level body 
 Decrease CL 
 As the angle of attack of a wing 
section is decreased, lift 





Wing Dihedral  
 Improve performance such as drag and 
Lift/Drag ratio 
 Good range  
 Good fuel efficiency 
 Able to achieve both supersonic  and 
subsonic 
 Not well characterized  
Drooped wingtip 
 Wing Plan Area 
 Aspect Ratio 
 Able to control wing length to depth ratio 
at both low subsonic and supersonic speed 
 Able to slow down the airstream and 
generate compression lift at high Mach no. 
 Minimize tip vortices 




 Improve directional stability and drag 
Wing fold 
 Wing Plan Area  
 Aspect Ratio 
 Reduce drag during transonic flight at low 
attitude  
 Increase lift and reduce drag 
 Improve roll control 





 Airfoil Camber 
 Able to provide more lift at lower angle  of 
attack 
 Produce a non-zero CL at zero angle of 
attack  
 Enhances maneuverability 








 Able to change on the leading and trailing 
edge 
 Able to continuously  adjust the airfoil 
geometry at different flight conditions 
 Able to achieve both static and dynamic 
shape change controls 
 Improve aerodynamic performance such as 
range and flight envelope 
 Reduce drag 
 Improve performance such  CL and 
Lift/Drag ratio 
 Enhances maneuverability 
 Apply mainly for small UAVs 
and MAVs 
 Complex method  
 
 




2.7 Morphing Skin 
Selecting a material for morphing wing is another challenge for an aircraft designer. The 
skin of the morphing wing has to be flexible and stiff enough to withstand high 
aerodynamic loading without deforming the shape profile.  
2.7.1 Carbon Fiber Composite Material 
Carbon fiber material is a very strong and light fiber reinforced polymer which contains 
carbon fibers. It is usually combined with other materials to form a composite. They are 
normally combined with a plastic resin and molded to form carbon fiber reinforced plastic 
(CFPR). Consequently, this material can provide much higher strength to weight ratio 
than metals. It is also high in tensile and flexural strength and inert to most chemicals. 
Besides that, carbon fabrics are thermally and electrically conductive material. They have 
been used by many aerospace industries for manufacturing aircraft wings and bodies due 




2.8 Smart Materials 
In most aircrafts today, wing shape structures are usually morphed by using extrinsic 
mechanisms. These wings are usually fixed and rigid structures where shape change is not 
intrinsic within the material but in the movable joints of the wing components. 
Conventional methods of wing shaping require in-wing actuators and additional lifting 
surface devices. These are typically rigid attachments to the main wing. The wing profile 
is morphed to a required profile by gross adjustments. To morph the wing profile in situ, 
internal actuators can be used to adjust such parameters as camber and thickness. 
However, those internal actuators can only typically achieve small adjustments. Another 
setback using this method is that the weight of the airfoil increases as these devices 
themselves can be quite heavy. In addition, the complexities of these mechanisms are 
usually very difficult to control. Furthermore, these mechanism devices do not provide a 
100% smooth and seamless wing surface contour during the morphing stage. Thus, the 
benefits of wing shaping method were outweighed by the above- mentioned penalties. 
To solve the above-mentioned penalties, scientists increasingly and repeatedly looked and 
searched for smart materials which have intrinsic and extrinsic ability to change their 





2.8.1 Different Types of Smart Material 
Smart materials can be regarded as materials which are able to change in a predictable and 
reproducible way when they respond to external stimuli such as electric fields, electric 
current, magnetic fields and temperature. A stimulus applied can cause these materials to 
change in terms of shape, internal strain or even their mechanical properties. They can 
convert an external input into mechanical energy. Smart materials can be made of 
polymers, metals, ceramics and composite forms of these materials. There are four 
different materials which may be considered while designing an adaptive aeroelastic 
wing. They are: 
a) Shape memory effect materials (SME), 
b) Magnetostrictive materials,  
c) Electroactive polymers material (EAP), and 
d) Piezoelectric materials. 
 
a) Shape memory Effect (SME) materials 
 
SME materials are able to change into two different shapes. The alloy is able to change 
their shape into another form at one temperature and return to their original shape when 
heated. It was first discovered at the Naval Ordnance Laboratory in White Oak, Maryland. 
Thermal energy can be electrically generated by resistive heating in order to control the 
shape change of the materials. The disadvantage of this type of material is that it changes 




b) Magnetostrictive materials 
 
Magnetostrictive materials are able to change their size when an external magnetic field is 
applied onto it. A well know commercial magnetostrictive materials is Terfenol-D. It has 
a high material density but low actuation strain. Due to its small strain level, it does not 
create an effective structural actuator for aeroelastic control [82]. 
 
c) Electroactive polymers (EAP) 
 
EAP capacitors which consist of a pre-stretched incompressible elastomeric film with 
high elongation at break with electrode at its top and bottom sides. The polymers are able 
to deform homogenously along the in-plane direction when an electric field is applied to 













Figure 2.45: EAP actuator deforms along the in-plane direction. 





d) Piezoelectric materials  
Piezoelectric materials are able to change their shape when an electric field is applied onto 
them (Figure 2.46). The force outputs are relatively large despite the relatively small 
strains. Moreover, the response times to actuate the material are very short and this makes 
them suitable for high frequency applications. However, there are some undesirable 
characteristics of piezoelectric materials such as nonlinear response at high field levels, 

























NASA Langley Research Center has been making continuous progress in developing the 
piezoelectric actuators. Figure 2.47 shows different industrial partners supplying 










Piezo-ceramic materials which are Lead Zirconate Titanate (PZT) based are classified into 
six categories. They are: 
i. Stack actuators 
They are made of stacked piezo-ceramic plates. The actuation direction is parallel to the 























ii. Monolithic 31/33 actuators  
There are two types of monolithic actuator. One is d31 and the other is d33 (Figure 2.49). 
The monolithic d31 actuators have an area-wide electrode on both the top and bottom 
sides. The deformation is along the in plane direction of the plate while the polarization is 
perpendicular to it. As for the monolithic d33 actuators, the plate is made of PZT ceramic 
with interdigitated electrodes (IDE) on the top and bottom sides. This configuration 
allows the material to polarize between the electrodes’ fingers. The deformation is in the 
parallel direction. 
 
Figure 2.48: Piezoelectric stack actuator. 






The piezoelectric effect for d33 is stronger as compared to d31 because its electric fields 
are applied parallel to the direction of piezoelectric poling which induces a larger strain in 
the same direction. There is a drawback for this actuator which is that the ceramic tends to 


























iii. Thin layer Composite Unimorph  Ferroelectric Driver Sensor (THUNDER)  
THUNDER actuator [84] comprises multiple layers of material. They are typically 











When a positive voltage is applied to the actuator, the ceramic layer tends to contract 
which results in flattening of the actuator. However, when the voltage is released the 
actuator tends to return to its natural dome shape. Conversely when a negative voltage is 
applied to the actuator, the ceramic layer tends to enhance its original dome shape. This is 
illustrated in Figure 2.51. Thunder actuators and sensors represent a significant 
advancement in piezo-ceramic technology. Lab demonstrations have shown 
displacements more than 30 times the thickness of the device.   
 
Figure 2.50: THUNDER actuator. 




iv. Lightweight Piezo-composite Curved Actuator (LIPCA) 
LIPCA is a compact light actuator device. It consists of different layers of light weight 
reinforced plastic layers (Figure 2.52). LIPCA was developed to improve the design 
and performance of THUNDER. It is much lighter in weight by up to 40% and also 


















v. Active Fiber Composite (AFC) 
AFC is an improved design for monolithic actuator. It is a piezo-ceramic actuator based 
on extruded PZT fibers. Instead of producing electric fields perpendicular to the direction 
of the fiber poling, AFCs implement a dual IDE design which produce an electric field in 
the parallel direction of the fiber poling. The PZT fibers are contacted with each other 












However, the cylindrical fiber structure of the AFCs actuator may hamper its 
performance. This is because the contact areas between the cylindrical fiber and the IDE 








vi. Macro Fiber Composite (MFC) 
MFC actuator is developed to solve the drawbacks of the AFC actuator. It is also made of 
piezo-ceramic fibers with a quadratic cross section (Figure 2.54). The difference between 
MFC and AFC actuator is the shape structure of the piezo-ceramic fibers. MFC actuator 
has rectangular geometry fibers whereas AFC has a circular geometry. The rectangular 
fibers and regular spacing in between provide a more precise parallel alignment. Also the 
rectangular fibers geometry contacts well with the IDEs which helps to improve the 







Although MFC actuator is the most promising piezoelectric materials among the four 
categories, it also has its own disadvantage. The disadvantage is that it requires a high 
voltage input which can be up to 2 KV. In order to achieve such a high voltage, an 
additional amplifier is needed.  
Figure 2.54: Schematic diagram for MFC actuator with rectangular geometry fibers [87]. 









2.8.2 Macro Fiber Composite Actuator 
In this research, MFC actuator will use for morphing the shape of the airfoil. The reasons 
for using MFC actuator in this research is because it has the highest strain performance as 
compared to other actuators mentioned above. Apart from that, it is also the cheapest 
actuator among all.  It was originally developed at NASA Langley Research Center [86] 
and is currently manufactured by the Smart Material Corporation. It is thin, light, and 











It consists of rectangular, unidirectional piezo-ceramic fibers embedded in a thermosetting 
polymer matrix. It is sandwiched between layers of adhesive (Epoxy) and copper-clad 
Kapton films which contain interdigitated electrodes (IDE) pattern. Figure 2.56 illustrates 
the exploded view of the MFC layer.  









The IDE pattern allows the applied voltage to be transferred directly to the fibres. There 
are two different types of MFC configuration.  They are Type P1 MFC (d33) and Type P2 
MFC (d31). MFC (d33) actuator gets elongated when actuated whereas MFC (d31) 
actuator gets contracted (Figure 2.57). As actuator is embedded in a surface or attached to 
flexible structures, it provides distributed deflection and vibration control. They can also 
be used as sensors to measure the structural strain under applied loads.  
 












Besides elongation and contraction, MFC can also produce a twisting effect by actuating 











Table 2.3 summarizes the advantages and disadvantages of various smart materials. 
Figure 2.57: MFC configuration d33 and d31 [87]. 
Table 2.2: Material properties of composite and MFC (Courtesy of Smart 





Smart Material Advantages Disadvantages 
a) Shape Memory 
Effect Material 
 Able to produce very large recovery stresses 
 Easily machined into different shapes and sizes 
 Very effective for low frequency vibrations 
 Easily embedded into laminated composite 
 
 Slow Reaction time (Ineffective at High frequency ranges) 
 Low energy efficiency conversion 
 May not be able to operate in conditions with large temperature 
ranges 




 Fast response time (µsec) 
 High Curie temperature 
 Relatively high strain and force capabilities  
 Able to operate over large temperature range  
 Low voltage operation 
 
 Low tensile strengths  
 Brittle  
 Expensive  
 Large magnetic field required  
 
c) Electroactive 
Polymer  (EAP) 
Material 
 Exhibits high mechanical energy density. 
 Induces relatively large actuation forces 
 Can operate for a long time in room conditions 
  Exhibit rapid response (mSec) 
  Can hold strain under DC activation 
 
 Independent of the voltage polarity, it produces mostly 
monopolar actuation due to associated electrostriction effect. 
 Requires high voltages (~100 MV/m). Recent development 
allowed for a fraction of the field in the Ferroelectric EAP 
d) Piezoelectric 
Material 
 Compact and light weight 
 Displacement proportional to applied voltage 
 Operate over large temperature range 
 Fast response to applied voltage (msec) 
 Easily embedded into laminated composite 
 Brittle  
 Produce small strains compared to SMA and Magnetostrictives 
 Cannot withstand high shear and tension 
 Can become depolarized 
 Hysteresis effect (Residual strain) 
 Creep effect (Slow deformation when subjected to a constant 








2.8.2.1 MFC actuator on Aerospace Application 
Some studies have explored the use of MFC actuators to change or control the shape of 
aerodynamic bodies. Bilgen et al. [88] have done many novel researches on MFC 
actuator. They started off by designing a morphing micro air vehicle (MAV). MFC 
actuators were embedded on the wingspan (Figure 2.58). Wind tunnel tests were 
conducted. MFC actuators were used to control pitching and rolling moment through 
MFC mediated wing camber changes symmetrically and asymmetrically. The feasibility 












In their later research, they developed a bimorph, variable camber airfoil prototype. In this 
design, they designed a thin airfoil concept which employed 4 MFC actuators. The 
bimorph configuration was achieved by bonding two MFCs onto the top surface of a 
stainless steel sheet and another two MFCs onto the bottom surface of the stainless steel 




sheet (Figure 2.59). The experimental results showed that using stainless steel as the 
substrate produced a larger deflection when compared to a fiber- composite substitute. 
This may be due to the non-uniform thickness across the surface of the material in a 
vacuum. Another reason may be due to the larger thickness of the fiber composite 













After successfully developing the thin airfoil model, they proceeded in developing a thick 
airfoil concept with cascading bimorph configuration. Based on their previous 
experimental results, it was shown that using MFC actuators as the skin of the airfoil 
without any substrate materials produced the largest deflection. Therefore, in their 
research design, they implemented the MFC actuators as the skin of symmetric airfoil. 
Figure 2.59: Prototype variable-camber bimorph airfoil with 4 MFC (M8557-
P1) actuators [89]. 
 
4 MFC (M8557-P1) 
actuators: 2 top and 2 
bottom 
4 stainless steel Pin 
(2 on each side) Sandwich a 0.027mm thick Stainless steel sheet 
(passive substrate) with the MFC actuators and 







Two MFC actuators are placed side by side along the span-wise direction because of the 












In this design, they employed a compliant box which connected the two thin cascading 
bimorph airfoils together (Figure 2.61). The compliant box allows a variable and smooth 
deformation in both directions. It is also used to create the desired boundary condition to 
the leading edge of the airfoil. With the compliant box mechanism, it allows the airfoil to 
morph in a desired shape and thickness between the two cascading bimorph surfaces. The 
experimental results have shown that there is a 72% increase in lift curve slope when 







4x MFC actuators 






In their recent research, they modified the airfoil profile of a standard NACA 0010 by 
embedding MFC actuators near the leading edge and also replacing the trailing edge with 
a variable camber which was developed in their previous research. Figure 2.62 illustrates 














camber   
163mm 
Figure 2.62: Schematic diagram on the modified NACA 0010 airfoil [90]. 







Apart from morphing the camber section, the spanwise distribution can be morphed by 
actuating the bender actuators embedded near the leading edge. Periodic excitation to the 
flow near the leading edge of the airfoil is used as the flow control method. The wind 
tunnel results have shown that significant increase in lift can be achieved with proper 
distribution of excitation bender in the span-wise distribution. Figure 2.63 illustrates nine 
bender actuators embedded near the leading edge of the airfoil. 
Bilgen et al. investigated the use of MFCs to change the wing camber for roll and pitch 
control of a remotely piloted micro-air-vehicle (MAV) [91]. The MAV was flown 
successfully and demonstrated sufficient roll control in flight as well as in the wind 
tunnel. It survived numerous crashes proving the durability of MFCs. More recently 
Bilgen et al. investigated the use of MFCs to change the camber of a symmetric airfoil 
[92]. 
Figure 2.63: Variable-camber airfoil with NACA 0010 LE geometry with cavity and 





Moses et al. studied MFC actuators as a means of reducing buffeting loads on a twin-tail 
fighter aircraft flying at high angles of attack [93]. Wind-tunnel tests with open and 

















Figure 2.64: Model with active rudder and piezoelectric actuators in the Transonic 





Chapter 3 : EXPERIMENTAL PROGRAM/SETUP 
3.1. Model Geometry 
The geometry of the airfoil used in this research is close to that of a NACA 4415. The 
reason is because NACA 4415 has a larger maximum thickness % of chord as compared 
to other NACA 4-digit series airfoil. This allows us to have more flexibility in designing 
the model. More importantly, having a thick aerofoil section will enhance the lift 
coefficient. The chord (c) and span (s) length for the model is 150 mm and 158 mm, 
respectively. MFC actuators are bonded under the upper skin airfoil in order to change its 
shape.  
3.2. MFC Actuator 
The MFC actuator used for the present research is the M-8557-P1. It has a relatively large 
active area of 85mm by 57mm. Two such actuators are able to actuate the upper surface 
of the airfoil models introduced above. Besides that, it also provides a high blocking force 
of up to 923N (Appendix A). 
The cables of the MFC actuators are connected to Smart Material HVA 1500/50-2 high-
voltage amplifier which is designed to supply power to a number of different piezo-
actuators (Figure 3.1). This amplifier is selected based on the specification of the MFC 
actuator. This amplifier has a voltage gain of 200 V / V and a signal bandwidth from DC 
to 10 kHz depending on the load capacitance [94]. It accepts input voltages in the range 
from -2.5 to 7.5 V which are amplified to values of -500V to 1500V, the voltage range of 







The voltage amplifier for actuating the MFC and load cell was linked to a PC equipped 
with a National Instruments [95] Real Time Digital I/O acquisition/control system. It was 
controlled by a program written in LabVIEW graphic programming language. Figure 3.2 












Figure 3.2: LabVIEW Control Panel. 




3.3. Wind Tunnel 
The Wind tunnel used for measuring the aerodynamic characteristics of the model is a 
small, open-loop, subsonic wind tunnel in the NUS Temasek Laboratories (Figure 3.3). 
The range of wind-tunnel free stream velocity is 2 to 35 m/s. The wind tunnel has a long 
square test section with width and height of 160 mm and the wall of the test section are 
optically transparent (Appendix B). The dimensions of the airfoil model (chord and span 
length of 150 mm and 158 mm, respectively) were designed based on the dimensions of 
the test section. The wind tunnel has a contraction section upstream of the test section 
following a settling chamber with honeycomb screens which help to smooth the flow 
before it reaches the test section. 
Different lengths of test section can be connected to the exit of the wind tunnel’s nozzle 
which has a contraction ratio of 9.8:1. The streamwise turbulence intensity of the wind 























The leading edge of the model was located 200 mm downstream of the contraction. In this 
location the boundary-layer thickness of the empty test section is less than 3 mm for 
values of V∞ between 10 to 20 m/s. The nominal velocity of the flow upstream of the 
model was obtained by measuring its total pressure with a pitot intake upstream of the 
contraction (and downstream of the settling chamber meshes) and its static pressure with a 
tap located in the wall of the test section 120 mm downstream of the contraction. The total 
and static pressure ports were connected to an Extech HD350 digital anemometer [96]. 





3.4. Force Measurement 
The model was mounted on a turntable incorporating a balance. The turntable allows 
precise positioning (within 0.2°) of the angle of attack  of the vertically installed airfoil 
model, Figure 3.4. The balance consists of a Gamma ATI SI-65-5 [97] piezoelectric 
gauge. This unit can measure the forces and the moments along three perpendicular axes. 
Two axes aligned with the streamwise (x) and the vertical (z) directions of the wind tunnel 
were used to measure the drag and the lift forces generated by the model. The third axis 
(y), coinciding with the axis of rotation of the turntable and aligned in the spanwise 
direction, passed through the airfoil mid-chord point (c/2) and was used to measure the 
pitching moment, Figure 3.4. The balance was factory calibrated and the corresponding 
conversion factors stored in the acquisition unit used with it such that the values of the 
forces and moments obtained are already corrected. The range (and accuracy) of the 
measured forces and moment are 65 (±1/80) N and 5 (±8∙10-4) Nm, respectively. For each 
measurement, 2048 samples of the values of the forces and moment were acquired at 2 
kHz and low-pass filtered at 10 Hz before averaging  in order to remove the effect of 
small vibrations induced by the flow. Based on the angle of attack, the pitching moment 
about c/4 was calculated from the corresponding values of the lift, drag, and pitching 
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3.5. Displacement Measurement 
The displacement of the upper skin with actuation of the MFCs was measured with a 
Micro-Epsilon optoNCDT 1710-50 laser displacement sensor. This unit has a measuring 
range between 550 and 600 mm with a resolution of 5 μm and an accuracy of 50 μm. The 
measuring range allows it to be placed outside the wind-tunnel thus enabling 
measurements of the skin displacement in the flow. These were acquired at 312.5 Hz 
simultaneously to the corresponding values of the actuation voltage. 
3.6. Particle Image Velocimetry (PIV) 
Particle Image Velocimetry (PIV) is a measuring technique that allows us to capture an 
instantaneous flow field in a fraction of a second. The technique is non-intrusive which is 
able to measure the velocities of micron-sized particles following the flow. Having this 
unique ability allows us to detect the spatial structures for unsteady flows quantitatively. It 
can be performed within a wide velocity range from zero to supersonic conditions.  
In this experiment, vegetable oil particles were used for measuring the airflow. Flow-field 
velocity measurements were obtained by using a two-velocity-component particle image 
velocimetry (PIV) system [98]. The flow was uniformly seeded upstream of the wind-
tunnel air intake with olive oil particles via a Dantec 10F03 seeding generator [99].  
A dual-head Litron DualPower 200-15 Nd:YAG laser [100] operating at the second 
harmonic (532 nm) at approximately 150 mJ/pulse was used in conjunction with sheet-
forming optics to form a thin sheet (~ 1 mm) on the x-z plane (Refer to Figure 3.6) 
passing through the centerline of the test section. The images were acquired using double 




macro lens (216 × 216 mm field of view). The CCD camera is able to capture two frames 
at high speed with a time interval of a few hundred nano-seconds. This allowed each 
exposure to be isolated on its own frame for more accurate cross-correlation analysis. The 
resulting resolution is approximately 105 μm per pixel. The camera viewed the 
streamwise laser sheet orthogonally over the entire field of view. To retain a good 
resolution of the flow particles close to the upper surface of the model, the upper skin 
surface of the airfoil that will be exposed to the laser sheet was sprayed with clear acrylic 
paint containing rhodamine 6G (which fluoresces close to 566 nm when excited by 532 
nm light) (Figure 3.5). Then a 527 to 537 nm band-pass optical filter was placed in front 
of the lens in order to prevent any laser light from reflected and refracted. The internal 
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Particle droplets were produced from the generator in the average size Sauter mean 
diameter (SMD) 2-5 μm whose reflections correspond to no more than 3 pixels in the 
captured images which allows a good resolution of the particle displacement when cross 

































 A computer with dual Intel Core processors was used for data acquisition. The acquired 
frames were divided into 16 × 16 pixel interrogation windows which contain at least 3 
seeding particles each. Based on the flow velocity and the size of the interrogation area, 
the time separation between the two laser flashes (double frame mode) was set at 26 μs 
such that the maximum displacement of a particle (at a freestream velocity of 15m/s) is no 
more than 25% of the interrogation size which is the optimal displacement for the Dantec 
software to accurately calculate the particle velocity. For each frame, sub-regions were 
adaptively cross-correlated using multi-pass processing with a final 50% overlap that 
gives a final interrogation area of 8 × 8 pixels after processing. Measurements were 
performed and the data processed using a Dantec Dynamics PIV system and Flow 
Manager Software. The image maps were read and stored using an input buffer. The 
images were transferred from the camera to a computer via a high-speed digital frame 
grabber. The laser pulses and camera were triggered with correct sequence and timing 
using a synchronizer.  
Once a sequence of two light pulses is recorded, the images are divided into small 





, are cross-correlated with each other, pixel by pixel. A frame-to-
frame cross-correlation technique was used to calculate row displacement vectors. The 
raw velocity vector field was determined from this displacement vector field, using the 





Chapter 4 : FIRST MFC AIRFOIL MODEL 
 
4.1. Conceptual Design 
This model is a design concept based on the knowledge gathered from the literature 
review. The model design was built for preliminary wind tunnel measurements of the 
aerodynamic effects of the shape changes using MFC actuators. Figure 4.1 illustrates the 












Figure 4.2 shows the Computer-aided design (CAD) of the airfoil model. The body of the 
airfoil is made of aluminum. The flexible skin for this model will be using stainless sheet 
with thickness of 0.1 mm. Two MFC patches are bonded on the underlying surface of the 
stainless steel skin. The advantage of using thin stainless steel sheet as the upper skin is 
that it acts as a spring which is able to resume its original shape after actuation. Besides 
that, it is also robust and stiff enough to prevent any surface indent. This allows the upper 
skin to actuate upwards and downwards. One end of the upper skin is bonded to the airfoil 
structure near the leading edge whereas the other end is free to slide end inside a recess 
near the trailing edges. This is to allow the skin to adjust its length upon actuation.  A 
stainless steel sheet shim which attached at the trailing edge closes the pocket and presses 












Skin slides in and out 
with actuation 
Stainless Steel shim 
Figure 4.2: Schematics of the first model.  
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4.2. Fabrication and Assembly 
 
a) Preparation of the Airfoil Skin 
Conventional method was used to bond the MFC actuators to the stainless steel skin. The 
bond was made by using (3M -DP460) epoxy adhesive. The parts were placed between 
upper and lower molds to cure the bonding surfaces with the desired curvature. The molds 
were clamped tightly. The clamps and weights were removed once the epoxy is cured. 
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Figure 4.3: Schematic diagram of the conventional method for bonding the 
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Figure 4.4 shows 2 MFC patches bonded on the stainless steel sheet after clamping. The 
stainless steel sheet is curved due to the curved mold. The curvature is similar to the 
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b) Assembled Model 
Electrical cables were soldered onto the MFCs of the prepared airfoil skin (Figure 4.4) 
before assembling the model. The prepared airfoil skin, a stainless steel sheet with MFC, 
is used as the upper skin of the model bonded to the leading edge of the base structure 
with epoxy (3M -DP460). An adhesive tape was adhered on the leading edge to make the 
profile seamless. The prepared airfoil skin is placed on the edge of the trailing edge 
pocket. A stainless steel shim was flushed to the training edge and then glued with epoxy 
leaving the pocket free allowing the skin to slide freely. Figure 4.5 shows the first airfoil 









Figure 4.5: Assembled first MFC airfoil model [101].  
Electrical Cables 
Trailing Edge 
Cover Stainless steel skin 








4.3. Static Actuation Measurement  
Figure 4.6 shows lateral-view pictures of the first model changing the shape of the upper 
surface with static actuation in still air. Figure 4.6a) illustrates the airfoil model without 
actuation which has a shape close (within  0.5% c) to that of the NACA 4415 airfoil. 
Figure 4.6b) illustrates the effect of actuation at the minimum voltage of -500 V which 
produces a maximum outward displacement. The yellow curvature line shows the original 
profile of the model without actuation and the displacement after actuation is about 3 mm 
(corresponding to 0.02 c) taking place close to c/2. By increasing the voltage to the 
maximum value of 1500 V shown in Figure 4.6c), a 5 mm inward displacement 
(corresponding to 0.03 c) occurs at about the same location of c/2. In any case, small 
changes in the shape of the upper surface is observed closer to the leading edge where the 
skin is rigidly connected to the model structure. 
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Figure 4.6: Lateral view of the airfoil model: a) without actuation (shape similar to 
the NACA 4415 airfoil); b) with actuation at -500 V (3 mm maximum outward 




Before starting the measurements of the aerodynamic forces, wind-tunnel tests were 
performed at free stream velocities up to 20 m/s for values of angle of attack (α) ranging 
between -10° to 24°. During these tests, the upper skin of the model did not show any 
vibration or unexpected deformation during both actuation and non-actuation conditions. 
The response of the skin to actuation in the wind tunnel was comparable to that observed 
in still air.  
Figure 4.7 compares the lift and drag coefficients of the non-actuated model to the NACA 
4415 airfoil measured by Jacobs and Pinkerton [102]. The data were obtained at U∞ = 15 
m/s for α ranging from -6° to 14°. The data are not corrected for the effects of the test 
section blockage which ranges from a minimum of about 11% (at  = 0° with 1500 V 
actuation) to a maximum of about 25% (at  = 14° with -500 V actuation). Larger values 
of the angle of attack were not considered since these would be significantly affected by 
wind tunnel blockage as the chord of the airfoil model is comparable in size to the height 
of the wind-tunnel test section. At this experimental velocity, the Reynolds number based 
on the chord of the model is about 150,000 and thus the flow around the model is 
expected to be laminar. The current data compare  reasonably well with the NACA data 
even though the shape of  the model is not exactly the same as the NACA 4415 airfoil and 









For the same conditions, Figure 4.8 compares the aerodynamic characteristics of the 
airfoil model with and without actuation. The main aim for this model was to verify the 
feasibility of the shaping technique without morphing too much with its aerodynamic 
shape. From intuition, maximum inward displacement will result in the airfoil becoming a 
bit flattened and one would expect a lower lift coefficient. Consistently, Figure 4.8a) 
shows that actuation at 1500 V has a slightly lower lift coefficient than the non-actuated 
case for α < 0° and for α > 6°. However, the results shown in the same figure indicate that 
the CL at -500 V is lower than the non-actuated case at for α up to about 8°. For α > 8°, the 
corresponding CL then sharply increases and becomes comparable to that of the non-
actuated model. A similar change is also observed for the drag coefficient at -500 V which 
increases with α up to 8° after which it shifts to levels comparable to the non-actuated 
case, as shown in Figure 4.8b). This unusual phenomenon was verified by repeating the 
measurements a number of times. On the contrary, the drag coefficient with inward 
displacement at 1500 V is somewhat lower than the non-actuated case up to α = 6° after 
Figure 4.7: Comparison of NACA 4415 airfoil [102] and non-actuated model: a) lift 
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which it becomes slightly higher. Figure 4.8c) depicts the corresponding lift-drag ratio. It 
appears that the flatter profile at 1500 V has better L/D ratio at small positive angles of 
attack corresponding to cruise conditions. The opposite holds true for the thicker model 
with actuation at -500 V. Figure 4.8d) shows the corresponding lift-drag polars from 
which it appears that for CL values lower than 1, the inward displacement offers a slight 
performance advantage in terms of its lower drag over the non-actuated shape. However 
its performance rapidly degrades when it reaches larger values of CL. Thus the non-
actuated shape or possibly a shape with a slight outward displacement should be used to 
maintain optimal performance with CL larger than 1. Figure 4.8e) depicts the pitching 
moment coefficients about c/4. In the explored range of α, the pitching moment with 
outward skin displacement (-500 V) is comparable to the non-actuated case but it exhibits 
a sudden change of values between α = 8° and 10° which corresponds to those observed 
for the lift and drag coefficient curves. In contrast, the magnitude of this moment with 
inward displacement is lower than the non-actuated case. Finally, Figure 4.8f) shows the 
non-dimensional chordwise position of the center of pressure as a function of the angle of 
attack. The location of the center of pressure, and thus the stability of the aircraft, is not 
affected by the changes of the upper skin shape at ordinary angles of flight (α> 0°). The 
large values and the change of sign of the position of the center of pressure at α ≈ -2.5° 
correspond to the conditions where the airfoil normal force (either positive or negative) is 
close to zero and thus requires a very large arm (at the limit infinite) in order to balance a 





The data in Figure 4.8 show that, in principle, the shaping of a surface by MFC actuators 
can be useful for tailoring the aerodynamic performance of an airfoil. Based on the 
results, one can actually improve the lift coefficient by applying -500 V from α = 10° to 
12° and 1500V from α = 0° to 6°. In particular this technique could be very beneficial to 
broaden and stabilize the useful aerodynamic envelope of high-performance airfoil 





Figure 4.8: Aerodynamic characteristics of the airfoil model without and with actuation: a) 
lift coefficient; b) drag coefficient; c) lift over drag ratio; d) lift-drag polar; e) pitching-














   (deg)
C
L













   (deg)
C
D


















   (deg)
L
/D






























   (deg)
C
M




























4.4. PIV Flow Visualization 
Additional information on the behavior of the airfoil can be obtained by using PIV to 
visualize the flow field in front, above, and behind the model. These are shown in Figure 
4.9 to Figure 4.11 for the model placed in the 15 m/s freestream at angles of attack of -5°, 
-1°, and 15°, respectively. For each angle of attack the flow fields with no actuation and 
with actuation at -500V and 1500 V are shown. White masks with a black border are used 
to identify the corresponding shape and position of the airfoil relative to the flow field. 
The results in these figures comprise of two sets of data. The color fields represent the 
vorticity (perpendicular to the plane of measurements), which is defined as negative if it is 
clockwise and vice versa. By superimposing every 7 vectors along the streamwise 
directions and every 5 vectors along the normal direction, the position of the local 
velocity vectors across the upper surface of the model was defined. For these the modulus 
is square-rooted in order to magnify the size of the smaller vectors. The zero-
velocity/vorticity area below the airfoil is not representative as this part of the field is not 
illuminated by the laser sheet. Similarly the thin, vertical vorticity bands below the 
airfoil’s leading and trailing edges do not represent actual values of the vorticity but rather 
spurious values derived from the velocity gradient between the illuminated and non-
illuminated areas. 
For α =  -5° the boundary layer without and with actuation is attached and it is thin close 
to the leading edge of the model, Figure 4.9. Increasing the angle of attack ≈ 0° slightly 
thickens the boundary layer which remains attached in all the cases, Figure 4.10. At the 
highest tested value of the angle of attack (α = 15°) the flow over the airfoil without 








































Figure 4.9: Flow fields from PIV measurements at U∞ = 15 m/s and α = -5°: a) no 
actuation; b) -500 V actuation; c) 1500 V actuation. The color field represents the 







































Figure 4.10: Flow fields from PIV measurements at U∞ = 15 m/s and α ≈ 0°: a) no 
actuation; b) -500 V actuation; c) 1500 V actuation. The color field represents the 







































Figure 4.11: Flow fields from PIV measurements at U∞ = 15 m/s and α = 15°: a) no 
actuation; b) -500 V actuation; c) 1500 V actuation. The color field represents the 




This phenomenon is reduced both by increasing the thickness of the airfoil and the 
curvature of its upper surface with -500 V actuation, Figure 4.11b), or even more by 
flattening the airfoil with actuation at 1500 V, Figure 4.11c).  
 
PIV was also used to to clarify the unusual change between α = 8° and 10° for the 
coefficients obtained with actuation at -500 V, PIV was used to visualize the flow fields 
across the model based on these conditions.  
Figure 4.12a) depicts the magnitude of the boundary-layer vorticity at α = 7.5° decreasing 
more rapidly above the airfoil than at α = 10°, data of which are shown in Figure 4.12b). 
Apart from that, it “derailed” (separated from the airfoil surface) from the trailing edge of 
the airfoil at α = 7.5°.  
As for α = 10°, the vorticity remains closely attached to the trailing edge of the airfoil.  
Figure 4.13a and b show an enlargement on the flow field at the trailing edge of the model 
for α = 7.5° and 10°, respectively. It also shows that the velocity vectors at α = 7.5° are 
smaller and less orderly oriented than those at α = 10°. These findings suggest that an 
initial flow separation may occur at the lower angle of attack. This appears to be 
consistent with the force balance measurements shown in Figure 4.8 under the same 
conditions. Possible result for this could be due to larger vibration at higher angles of 
attack of the model together with its support connecting it to the balance which possibly 
energizes the boundary layer above the airfoil and this in fact delays separation. Further 




































































































Attached Flow Separated Flow 
Attached Flow 
Figure 4.12: Flow fields for the model actuated at -500 V from PIV measurements at 
U∞ = 15 m/s a) α = 7.5°; b) α = 10°. The color field represents the values of the 





































































































Figure 4.13: Enlargement of the flow fields around the trailing-edge area of the model 
actuated at -500 V from PIV measurements at U∞ = 15 m/s a) α = 7.5°; b) α = 10°. The 





Chapter 5 : SECOND MFC AIRFOIL MODEL 
 
5.1. Conceptual Design 
The second incorporates some structural and fabrication improvements compared to the 
first model. Figure 5.1 shows the Computer-aided design (CAD) of the second model. 
Refer to Appendix B for the CAD drawing of the second model. A 0.25 mm-thick carbon-
fiber sheet, a material suitable for fabricating the skin of small aircraft, has been used for 
the upper skin. This is not directly bonded to the model structure but it is connected to it 
through a 0.25 mm brass shim which wraps around the leading edge. This arrangement 
allows more flexibility and the bending of the skin is closer to the leading edge compared 
to the previous model.  A vacuum-bag was used to bond the MFC patches (Smart Material 
M-8557-P1) to the inner side of the skin, as discussed in the following section. This 
bonding process avoids inducing micro-cracks in the MFC’s piezo-ceramic rods thus 












The geometry of the airfoil without MFC actuation is slightly flatter than that of a NACA 
4415 airfoil. The skin deflects inward when a positive voltage is applied to the MFCs, 
whereas it deflects outward when a negative voltage is applied, Figure 5.1. The 
displacement causes the skin to have a small variation in the longitudinal direction which 




Brass shim  
Figure 5.1: Schematics of the second model 
Stainless 
Steel Shim 
Carbon fiber material        
Skin slides in and out 
with actuation 
Kapton sheet   
Electrical Cables 








5.2. Fabrication and Assembly 
a) Preparation of the Airfoil Skin 
In the first model design, clamps were used to apply force onto both materials during 
bonding and this may not have distributed the pressure evenly across the contact surface. 
For this model, dynamic actuation on the airfoil will be carried out. Therefore, the clamp 
method to apply loads is not a suitable method to patch the MFC actuators onto the airfoil 
skin since it can produce stress concentrations that can damage the MRC fibers. Also the 
clamping technique may result in non-uniform glue curing between both intact surfaces 
which can affect the flexibility of the MFC upon actuation. To solve these problems, the 
vacuum bagging system was used to bond the MFC actuator on to the carbon fiber 
composite sheet. Vacuum bagging [103] can provide a firm and evenly distributed 
pressure over the entire surface regardless of the type or quantity of material being 
laminated. This allows a wider range and combination of materials as well as a superior 
bond between the materials. It also applies a uniform pressure across the laminate 
resulting in a thinner, more consistent glue lines and fewer voids. Due to continuous 
atmospheric pressure, it can evenly press on the joint as the adhesive spreads evenly 



























Vacuum Valve 3M Glue gun 




Figure 5.4 shows the items required for vacuum bagging process. They are mainly the 
Sealant Tape, Breather Fabric, Release Film, Vacuum Bag and Mold. 
Sealant Tape: For sealing and to prevent vacuum leaking  
Breather Fabric: To allow air and volatiles to be removed within the vacuum bag and 
across the corner of the laminate or the mold. It also helps to maintain the vacuum 
throughout the mold during the process 
Vacuum Bag: Used to cover and seal the mold surface under vacuum condition in the 
process called Vacuum Infusion. 
Release film: To prevent excess epoxy glue from adhering onto the mold and to ensure 
the proper release of the helping material used for vacuum bagging. 
Mold: To guide the airfoil shape into the required profile. 
 
Figure 5.4: Schematic diagram shows the vacuum bagging system embedding the MFC 
onto the Carbon fiber sheet. 
Mold 









MFC actuators were glued onto the carbon fiber composite material and were placed onto 
the mold. The mold was wrapped by a vacuum bag with sealant tape sealing around the 
















Airfoil and MFC 
actuators 




For the upper skin of the second airfoil model, an unidirectional [0/90˚] orientation, 1k 
(1000 fibers/bundle) tow carbon fiber material with a thickness of 0.25mm was used 
(Figure 5.6). One side of the carbon fiber composite material is prepreg with polymer 
resin while the other side is not. This unprepreg side actually has a rough surface which 
enhances the gluing effect to the MFCs. Vacuum was applied to bond both MFC and 









Figure 5.6: After bonding MFC on the carbon fiber composite. 
MFC Patch 1 
























Theoretically, 2 pairs of cables are required to actuate 2 MFC actuators. In order to reduce 
the number of cables connected to the MFC actuators, a custom-made cable wiring 
connection was designed (Figure 5.7) which splits each cable (black –ve; red +ve) and 
isolates the electrical conductors between kapton sheets [104]. The kapton sheet was then 










Figure 5.7: Custom-make cable wiring connection on the MFC. 
MFC Patch 1 
MFC Patch 2 






b) Assembled Model 
Electrical cables were soldered onto the MFCs of the prepared airfoil skin (Figure 5.7) 
before assembling the model. A brass shim leading edge cover was prepared by shaping it 
similar to the leading edge profile of the base structure. One end of the brass shim cover 
was adhered to the edge of the prepared airfoil skin with epoxy (3M -DP460). After 
curing, the brass shim cover was then adhered onto the leading edge of the base structure 
together with the airfoil skin.  Next, a stainless steel shim was flushed to the trailing edge 
and then glued with epoxy leaving the pocket open allowing the skin to slide freely. 
Figure 5.8 shows the second airfoil model after assembly.  
 
 
Figure 5.8: Assembled second airfoil model [105]. 
Electrical Cables 
Carbon Fiber Composite skin 
with MFC actuators bonded 
underneath 








5.3. Static and Dynamic Measurements  
The MFC actuators enable static and dynamic changes to the shape of the skin. The 
actuation voltage used to drive the MFCs consists of an amplitude and frequency-
modulated signal with an offset:        
                            
where f and A are the frequency and the amplitude of the sinusoidal signal and O is the 
offset superimposed (like a D.C. voltage) to the former. 
5.3.1 Static Actuation Measurements 
 
5.3.1.1. Skin Deflection Measurements 
In the case of static actuation only the offset voltage is applied, i.e. A(t)=0. Equation (1) 
becomes:     
 
Only two offset voltages are applied (-500V and +1000V) in this static actuation 
measurement. These magnitudes were selected for the present experiment because they 
represent the usable voltage range established by the MFC poling boundaries. Although 
higher voltages (up to +1500V) could be applied to the MFCs, they were not considered 
since they could introduce an excessive bending moment at the bond between the skin and 
the brass leading edge. Furthermore, excessively high voltage will produce an unnaturally 
flat upper surface. 
Figure 5.9 shows lateral-view pictures of the model changing the shape of the upper 
surface with static actuation in still air. Figure 5.9a shows the model with actuation at 




flattened shape. Figure 5.9c) shows the model with actuation at the minimum voltage of -





Skin is displaced inward 
with actuation 
a) 






Original Skin profile 
Figure 5.9: Lateral view of the airfoil model: a) with actuation at 1000 V (about 3.1 
mm maximum inward displacement); b) without actuation (about 1.4 mm inward 





Figure 5.10 illustrates the displacement in the n direction of the upper skin measured at 
0.4 c from the leading edge of the model.  Figure 5.10a) shows the actuation voltage and 
the corresponding skin displacement in still air during one actuation cycle between -500 V 
and 1000 V. The voltage was kept constant for two seconds at the extremes of the voltage 
range as well as at the values of 0 V both increasing and decreasing the voltage. This 
corresponds to the time for acquiring the aerodynamic forces and moment of the model 
discussed below. A hysteresis loop is obtained by plotting the skin displacement as a 
function of the actuation voltage. This is an undesirable but typical behavior due to the 
piezo-ceramic bimorph nature of the MFC actuators. [92] Figure 5.10b) shows 5 such 
loops which almost perfectly overlap indicating excellent repeatability of the 
displacement with actuation. The arrows in the figure indicate the loop path. Points a, b, 
and c in Figure 5.10b) match the corresponding shapes of Figure 5.9. Point d is the 
alternative zero-voltage position, obtained increasing the voltage from the minimum to the 
maximum value, whose displacement is quite close to the one at -500 V. The 
displacement of the skin at these constant voltage points exhibits a small amount of creep 
which is also visible in Figure 5.10a). The non-actuated model at point b has an inward 
displacements of about 1.4 mm (corresponding to 0.93% c  compared to point c which is 
the reference position with actuation at -500 V. Increasing the voltage to 1000 V, point a, 
produces a 3.1 mm inward displacement (corresponding to 2.1% c). Displacements 
corresponding to other points enclosed by the loop of Figure 5.10b) can be obtained by 





Figure 5.10c) and d) show analogous data for the airfoil aerodynamically loaded at  = 0° 
in a U∞ = 15 m/s flow. A small positive displacement is observed with actuation at -500 V 
which is attributed to the low pressure on the upper surface. In any case, the actuators are 
capable of contrasting the aerodynamic loads and to achieve deformations of the upper 
surface which are similar to those in still air. Similar results (not shown here) have been 
obtained at other angles of attack in the range between -6° to 14°. The symbols in points 
a, b, and c of Figure 5.10d) correspond to the aerodynamic states discussed next. 
 
Figure 5.10: Displacement (mm) of the skin at 0.4 c: a) actuation and 
displacement, and b) hysteresis loop without flow; c) actuation and displacement, 
and d) hysteresis loop with aerodynamic load at  = 0° in a U∞ = 15 m/s flow. 
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5.3.1.2. Force Measurements  
Wind tunnel tests were carried out under the same conditions as for the first model except 
that the angle of attack was -10° to 16° with results that were comparable to the first 
model. Figure 5.11 compares the lift and drag coefficients of the model actuated at -500 V 
to those of the NACA 4415 airfoil measured by Jacobs and Pinkerton [102]. The data, 
obtained at U∞ = 15 m/s for α ranging between -6° to 14°, are not corrected for the effects 
of tunnel blockage.  The current compare  reasonably well with the NACA data even if 
the shape of the model is not exactly the same as the NACA 4415 airfoil which had 
experimental flow regimes that were turbulent (Rec > 3∙10
6
). The first airfoil model shape 
profile was similar with the NACA 4415 when it is not actuated. However, the second 





Figure 5.11: Comparison of NACA 4415 airfoil [102] and model actuated at -500 
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The -500V actuation lift curve has the same trend as the NACA reference curve especially 
in cruising flight. However, it has a slightly higher CD than the NACA reference.  
For the same conditions, Figure 5.12 compares the aerodynamic characteristics of the 
airfoil model without and with actuation. The upper surface deforms inward and the 
airfoil becomes increasingly flatter when the voltage is increased from the minimum 
value.  
The lift coefficient correspondingly decreases by a small margin, as shown in Figure 
5.12a) for values of  < 0°, whereas its slope slightly increases as typical for thinner 
airfoils and for airfoils with maximum chamber closer to the leading edge [106]. Thus 
with increasing  the lift of the flatter airfoils reaches and then surpasses that with 
actuation at -500V as visible for  between 0° and 6°. However, further increasing the 
angle of attack reduces again the lift of the flatter airfoils, possibly due to the sharper turn 
of the flow close to the leading edge. The drag coefficient of the flatter airfoils also 
decreases especially for values of  between 0° and 6°, the range of angles of attack 
typically used during cruise, Figure 5.12b). However, the flatter configuration (with 
actuation at 1000 V) has slightly higher drag coefficient than the other cases close to the 
extremes of the range of angles of attack tested.  
Figure 5.12c) shows the corresponding lift over drag ratio. It is clear that flattening the 
profile of the airfoil produces a more efficient configuration for cruise conditions by 





Figure 5.12d) shows the corresponding lift-drag polars indicating that for CL lower than 1, 
the inward displacement offers a performance advantage. Figure 5.12e) and f) show the 
pitching-moment coefficient about c/4 and the non-dimensional chordwise position of the 
center of pressure as a function of the angle of attack, respectively. One can see from 
these figures that changing the shape of the airfoil does not adversely impact the pitching 
moment and that the location of the center of pressure, and thus the stability of the 
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Figure 5.12: Aerodynamic characteristics of the airfoil model without and with actuation: 
a) lift coefficient; b) drag coefficient; c) lift over drag ratio; d) lift-drag polar; e) pitching-






5.3.2 Dynamic Actuation Measurements 
 
5.3.2.1. Skin Deflection Measurements 
The effects of dynamic actuation were studied by driving the MFCs with the voltage 
signal described by Equation (3).  
  
where A(t), f(t), and O(t) are the amplitude, the frequency, and the offset of the sinusoidal 
voltage, respectively. Similar to static actuation, the displacement of the skin was 
measured at 0.4c. 
With zero offset, each period of the sinusoidal actuation produces a small local hysteresis 
loop with overall shape similar to those presented in Figure 5.10b) and d). The range n 
of the oscillatory skin displacement in such loops is shown in Figure 5.13a) as a function 
of the actuation frequency for values of the sinusoidal amplitude of 200 V and 300 V.  
The larger voltage amplitude doubles the oscillatory displacement of the skin compared to 
the lower voltage amplitude. In both cases the oscillatory displacement does not 
continuously decreases with increasing the actuation frequency, as one might expect. 
Rather, after reaching a minimum, the oscillatory displacement starts to increase again. 
An explanation for this behavior is that larger actuation frequencies may approach the 
natural resonance frequency of the skin. This could be tested at higher frequencies but 










By slowly decreasing the sinusoidal amplitude to zero, the hysteresis loops spiraled 
towards a central point roughly corresponding to the center n0 of the oscillatory 
displacement of the skin. 
The results shown in Figure 5.13b) indicate that the location of the center of oscillation 
relative to static actuation is minimally affected by the actuation frequency. 
 
Figure 5.13: Oscillatory displacement of the skin at 0.4 c for sinusoidal actuation with zero 
offset: a) displacement range; b) location of the center of the oscillatory displacement. 
 




















Displacement range vs. actuation frequency
 
 
A = 200 V
A = 300 V
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Variation of the zero-voltage displacement vs. actuation frequency
 
 
A = 200 V





5.3.2.2. Force Measurements  
Figure 5.14 a) and b) present the lift and drag coefficients of the airfoil respectively with 
sinusoidal actuation at different frequencies with amplitude A = 200 V and zero offset.  
For control purposes the amplitude at 4, 8, and 16 Hz was also slowly decreased to zero 
thus producing a static actuation at the corresponding center of oscillation (hence the 
identifier “co” in the legend). The curves of the different cases overlap each other almost 
perfectly thus indicating that the effect of sinusoidal actuation is insignificant. Comparing 
these to the case of no actuation (O = 0 V) in Figure 5.11, the lift coefficient is slightly 
higher (comparable to the -500 V actuation) up to α = 8° after which it becomes 




Regretfully, time constraints prevented repeating analogous measurements with amplitude 
A = 200 V. 
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Figure 5.14:  Aerodynamic characteristics of the airfoil model with sinusoidal 





The results of Figure 5.11 and of Figure 5.14 were obtained using the same setup but 
carried out in different experimental sessions. Small differences observed are attributed to 
some small variations of the setup, rather than to variations of the aerodynamic behavior. 
This may due to disassemble and re-assemble in between both setups.  
The lack of significant aerodynamic effects by sinusoidal actuation with amplitude of 200 
V contrasts with the findings of Munday and Jacob [107-109]. Obviously one should 
repeat the measurements with larger values of the sinusoidal amplitude. However one 
should also consider that they aimed to reduce the flow separation which is large for a 
NACA 4415 profile operating at low Reynolds numbers (Rec = 2.5  10
4
 and Rec = 5  
10
4 
in their experiments with a model of c = 203 mm at freestream velocities of 1.9 and 
3.8 m/s, respectively).  
By contrast, the dynamic actuation of the current model at U∞ = 15 m/s did not seem to 
produce any significant flow separation in the range of angles of attack explored. This 
observed lack of flow separation may be due to both the higher velocity and the large 
blockage of the model. This seems to be supported also by the lift measurements obtained 
with the first model which does not exhibit any stall, but rather an almost stable value of 
the lift at angles between 20° and 25°.  
Obviously, the effect of sinusoidal actuation on flow separation cannot be observed if this 
is not present. It should also be noted that Munday and Jacob found that sinusoidal 
actuation reduces the separation at Strouhal number (non-dimensional frequency) values 
larger than 2 which in their experiments could be achieved with frequencies as low as 19 




However, the highest frequency used in the current MFC-actuated models is 24 Hz which 
yields a Strouhal number of 0.24. Based on their finding, this value is shown to be 
ineffective for reducing a separated flow. During the current experiments, larger 
sinusoidal frequencies were not tested so as to avoid damage to the MFC actuators 





5.4. PIV Flow Visualization  
Similar to the first model, additional information on the behavior of the airfoil was 
obtained by using PIV to visualize the flow field in front, above, and behind the model. 
These are shown in Figure 5.15 to Figure 5.17 for which the model placed in the 15 m/s 
freestream at angles of attack of -5°, 0°, and 15°, respectively. For each angle of attack the 
flow fields with actuation at 1000 V, without actuation, and with actuation at -500V are 
shown. The data in these figures are treated as described for the first model.  
For  = -5° the boundary layer is thin and attached both without and with actuation, 
Figure 5.15. Similar behavior is observed at  = 0°, Figure 5.16. At the highest tested 
value of the angle of attack ( = 15°) the boundary layer over the airfoil thickens and 
approaches conditions close to separation for the thicker and more curved profiles without 








































Figure 5.15:  Flow fields from PIV measurements at U∞ = 15 m/s and α = -5°: a) 
1000 V actuation; b) no actuation; c) -500 V actuation. The color field represents 










































Figure 5.16:  Flow fields from PIV measurements at U∞ = 15 m/s and α = 0°: a) 
1000 V actuation; b) no actuation; c) -500 V actuation. The color field represents 











































Figure 5.17:  Flow fields from PIV measurements at U∞ = 15 m/s and α = 15°: a) 
1000 V actuation; b) no actuation; c) -500 V actuation. The color field represents 






Chapter 6 : COMPARISON WITH OTHER TYPES OF ACTUATION 
FOR AERODYNAMIC ENHANCEMENT  
 
In order to assess the applicability of airfoil shaping by MFC actuators, their power 
requirement needs to be evaluated. Small UAVs are the most likely candidates for use of 
this technique. The typical chord dimension of these vehicle would be of the same order 
of magniture of that of the models discussed in the previous sections. Accordingly, one is 
interested to know what is the power (P) required per unit span (s) their wing. This can be 





         (4) 
where I and V are the measured current and voltage across the MFC actuators. It was 
found that the maximum value of P is obtained with actuation at -500 V for which the 
current across the MFC actuators is 0.6 mA. For these values the power per unit span 
required by the MFC actuators is slightly less than 2 W/m. 
It is interesting to consider how does this compare to other active control technique 
developed to improve the aerodynamic performance on an airfoil. While different results 
are reported in literature, data for comparison are readily available based on previous 
experiments conducted in the NUS Temasek Laboratories. These include of 
measurements of steady jet injection and DBD plasma actuation close to the leading edge 
of airfoil models of similar size to those presented here. 
A steady jet was injected 10 mm downstream of the leading edge of a FX63-137 airfoil 




airfoil model. This was mounted between the walls of a larger wind tunnel at tested at 
different angles of attack in a freestream with velicity of 10 m/s. The corresponding 
Reynolds number is Rec = 130,000 which is comparable to that of the models with MFC 
actuators (Rec ≈ 150,000). Figure 6.1shows the values of the lift coefficient obtained for 
the model without jet injection and with injection of a jet with speed Uj close to 42 m/s.  
No data were obtained for the drag and moment coefficients.   
As expected, the jet does not alter significantly the aerodynamic characteristics at angles 
of attack close to zero. Rather it enhances the lift at high angles of attack by energizing 
the boundary layer of the upper surface and thus reducing the flow separation in these 
conditions. 
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Figure 6.1: Lift coefficient of FX63-137 airfoil model without and with injection 









         (5) 
where   is the density of the ambient air and b is the height of the injection slot. For these 
values, and neglecting the losses through the piping sustem, the power per unit span 
required by the injected jet is 35 W/m. 
DBD plasma actuation was also tested to enhance the aerodynamic behaviour of a 
NACA4415 airfoil model of 100 mm chord and same span as the MFC actuated models. 
The exposed electrode is a 5 mm  copper strip spanning the leading-edge surface of the 
model for 150 mm whereas the buried electrode is a 15 mm copper placed underneath the 
dielectric skin just downstream of the leading edge. The dielectric skin is a sandwith of a 
0.125 mm Kapton sheet covered by 0.66 mm flexible printed circuit board dielectric 
material (Rogers 5880LZ). The model was tested in the same windtunnel described in 
Section 3.3 and its aerodynamic forces were measured with the same setup  described in 
Section 3.4. Measurements were performed at different angles of attack in a freestream 
with velocity of 15 m/s. The corresponding Reynolds number is Rec = 100,000. Data were 
obtained for the model without actuation and with 8 kHz sinusoidal actuation at 20.8 kVpp 
which produced a 3 mm thick wall jet with velocity of about 4 m/s on the upper surface of 
the leading edge.  
The velocity of this jet is one order of magnitude smaller than that of the steady-injection 
jet discussed above.  Figure 6.2 shows the values of the lift and drag coefficients of the 







The wall jet induced by the DBD plasma actuator does not alter the aerodynamic 
characteristics until the onset of stall at  = 13°. Above this value the low-speed wall jet 
provides enough momentum to the boundary layer close to the separation point to prevent 
this from occurring. Measurements at values of the angle of attack larger than 16° are not 
considered since these would be significantly affected by wind tunnel blockage and are 
not easy to correct. 
a) b) 
c) d) 
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Figure 6.2: Aerodynamic characteristics of the airfoil model without and with DBD plasma 
actuation on the leading-edge upper surface: a) lift coefficient; b) drag coefficient; c) lift 









P rmsrms         (6) 
where Irms and Vrms are the root-mean-square values  the measured current and voltage 
across the DBD actuator. The value of Vrms corresponding to the peak-to-peak voltage of 
20.8 kVpp is 7.35 kV for which a current was measured that has Irms = 8 mA. The power 
per unit span corresponding to these values and the electrode span of 150 mm is 400 
W/m. 
Two main conclusion can be drawn from the comparison above. First is that the shaping 
of an airfoil by MFC actuators has a different aerodynamic effect than the increase of the 
boundary-layer momentum by a wall jet obtained with steady injection or a DBD plasma 
actuator. MFC actuators can be used to improve an airfoil lift and drag at small positive 
angles of attack (roughly corresponding to cruise conditions) whereas the others are 
beneficial to avoid the separation of the flow and to maintain the lift at angles of attack 
beyond stall (and thus can be useful to enhance the manouverability of an aircraft). 
Secondly, MFC actuators require significantly less power than either steady injection or 
DBD plasma actuators. This result seem to indicate that  the shaping of an airfoil by MFC 





Chapter 7 : CONCLUSION AND FUTURE WORK 
 
A morphing wing concept was tested and validated through the use of airfoil models with 
a flexible upper skin whose shape can be changed by macro fiber composite (MFC) 
actuators bonded to its inner side. These piezoelectric actuators are very thin, light, robust, 
and have low power consumption.  
Two models were designed, fabricated and tested in a wind tunnel. The first model has a 
stainless steel foil used as the upper skin of an aluminum frame structure. This model was 
tested in a wind tunnel and the results were compared to the NACA 4415 airfoil. The 
experience gained from working with the first model helped to make improvements 
particularly in the assembly process.  It was found that using clamps to press the MFC 
actuators against the skin of the first model during bonding can crack the piezo-ceramic 
fibers which potentially can cause a failure of the actuators. Thus a different bonding 
technique had to be used for fabricating the second model.  
The first model helped to understand the behavior of the MFCs under different voltages 
and aerodynamic loads of the upper skin. It was found that approximately 5mm inward 
displacement of the MFC was achieved when a 1500V voltage was applied. The 3mm 
outward displacement was achieved when a -500V voltage was applied. These are the 
maximum and minimum input voltages of the MFC, respectively. 
Wind tunnel testing was used to measure the aerodynamic properties of the first model 
both without and with MFC actuation. The results obtained indicate that lower drag can 




Carbon fiber composite is the material used for the upper skin of the second model as this 
is a more realistic material for use in aircraft. A vacuum-bag process was used for 
bonding the MFC actuators to the skin in order to avoid the cracking of the piezo-ceramic 
fibers. The integrity of the fibers allows subjecting the skin of the second model to 
dynamic actuation. Apart from that, the upper skin of the second model has a more 
flexible connection it has an upper skin which is more flexible connection to the 
aluminium frame which provides a smoother change of its shape. 
For the second model, the minimum voltage of -500 V produces a shape similar to that of 
the NACA 4415 airfoil. Larger values of the applied voltage progressively flatten the 
upper profile of the airfoil with a maximum inward displacement of 3.1% of the chord 
achieved with actuation at 1000 V. The wind tunnel tests indicated that this skin is 
capable of withstanding the same aerodynamic loads as the stainless steel airfoil skin 
model and that that flattening the profile of the airfoil can double the efficiency of the 
airfoil for cruise conditions. 
The results obtained from both models show that it is feasible to design a wing with upper 
surfaces shaped by MFC actuators. This technique could be very useful in broadening and 
stabilizing the useful aerodynamic-envelope characteristics of high performance airfoils 
that quickly degrade in performance at off-design conditions. 
Comparison with other types of actuation for aerodynamic enhancement indicate that the 
power requirements of MFC actuators are significantly lower and that their use for 
shaping an airfoil can be a viable technique for increasing the aerodynamic performance 




Drawbacks of MFC actuators are their nonlinear characteristics, hysteresis, and creep. 
Closed-loop control should be used in practical applications to reduce these effects by 
actuating the skin to the desired shape or aerodynamic performance. Future research 
should study the effectiveness of feedback control to this aim. If this can be achieved, it 
would bring us one step closer to the goal of creating a wing that can sense its 









1. K-D. Seifert, and Otto Lilienthal: “Leben und Werk: eine biographie. Urban-
Verlag,” 1992. 
 
2. O. Wright, “How we invented the airplane. USA: Dover Publications,” 1988. 
 
3. Jr. Anderson, J. D.  “A History of Aerodynamics and Its Impact on Flying 
Machines. Cambridge University Press,” 1997. 
 
4. P. Wegener, “What Makes Airplanes Fly?” History, Science, and Applications of 
Aerodynamics,” Spinger, 1997. 
 
5.  A. Suleman, and A. Costa, “Adaptive control of an aeroelastic flight vehicle using 
piezoelectric actuators,” Computers & Structures, vol. 82, no. 17-19, pp. 1303-
1314, Jul. 2004.  
 
6. M. K. Lockwood, “NASA Langley Research Center,” Astrobiology, vol. 1, no. 4, 
pp. 523- 525, Dec. 2001. 
 
7. J N. Kudva, K. Appa, A. P. Jardine, C. A. Martin, and B. F. Carpenter, “Overview 
of Recent Progress on the DARPA / USAF Wright Laboratory ‘Smart Materials 
and Structures Development – Smart Wing’ Program”, SPIE Vol. 3044, pp. 24-32, 
1997. 
 
8. J. N. Kudva et al., “Overview of the DARPA/AFRL/NASA Smart Wing Program”, 
Paper No. 3674-26, presented at the SPIE Symposium on Smart Structures and 
Materials, SPIE Vol. 3674, March 1-4, 1999. 
 
9. N.S. Khot, J.V. Zweber, and F.E. Eastep, “Lift Efficient Composite Wing for 
Rolling Maneuver without Ailerons,” AIAA-2000-1333, 41st 
AIAA/ASCE/AHS/ASC Structures, Structural Dynamics and Materials 
Conference, April 3-6, 2000. 
 
10. D.Sahoo, and C.E.S., Cesnik, “Roll Maneuver Control of UCAV Wing Using 




AIAA/ASCE/AHS/ASC Structures, Structural Dynamics and Materials 
Conference, April 22-25, 2000. 
 
11. C. Bauer, W. Martin, Siegling, Hans-Friedrich, Schurmann, Helmut, “A New 
Structural Approach to Variable Camber Wing Technology of Transport Aircraft,” 
AIAA-A98-25050, 1998. 
 
12. J. P. Florance, A.W. Burner, G. A. Fleming, C.A. Hunter, S. G. Sharon, and C.A. 
Martin, “Contributions of the NASA Langley Research Center to the 
DARPA/AFRL/NASA/Northrop Grumman Smart Wing Program,” April 9-10, 
2003. 
 
13. A.K. Jha, “Morphing aircraft concepts, classifications, and challenges,” 
Proceedings of SPIE, vol. 5388, pp. 213-224, 2004.  
 
14. J. Bowman, B. Sanders, and T. Weisshaar, “Evaluating The Impact of Morphing 
Technologies on Aircraft Performance,” AIAA Paper 2002- 1631, April 2002. 
 
15. M.D. Skillen, and W.A. Crossley, “Modeling and optimization for morphing wing 
concept generation II, part I: morphing wing modeling and structural sizing 
techniques,” NASA/CR-2008-214902. 
 
16. C. Cesnik, H. Last, and C. Martin, “A Framework for Morphing Capability 
Assessment,” AIAA Paper 2004-1654, April 2004. 
 
17. H.S. Monner, “Realization of an Optimized Wing Camber by Using Form 
Variable Flap Structures,” Aerospace Science and Technology, 5, 445–455, 2001. 
 
18. W.F. Phillips, “Lifting-Line Analysis for Twisted Wings and washout-Optimized 
Wings,” Journal of Aircraft, 41(1), 128-136, 2004. 
 
19. W.F. Phillips, “Minimizing Induced Drag with Wing Twist, Computational-Fluid-





20. M.J. Siclari, W. van Nostrand, and F. Austin, “The design of transonic airfoil 
sections for an adaptive wing concept using a stochastic optimization method,” 
AIAA paper 96-0329. 
 
21. M.J. Patil, D.H. Hodges, and C. E. S. Cesnik, “Nonlinear Aeroelasticity and Flight 
Dynamics of High-Altitude Long-Endurance Aircraft,” Journal of Aircraft, Vol. 
38, No. 1, January-February, 2001. 
 
22. M. Amprikidis, J. E. Cooper, and O. Sensburg, “Experimental Investigation of an 
All-Movable Vertical Tail Model,” AIAA-2003-1413, 44th 
AIAA/ASME/ASCE/AHS Structures, Structural Dynamics, and Materials 
Conference, Norfolk, VA, April 7-10, 2003. 
 
23. E. Stanewsky, “Adaptive Wing and Flow Control Technology, Progress in 
Aerospace Sciences,” vol. 37, pp. 583–667, 2001. 
 
24. L. Cavagna, S. Ricci, and L. Riccobene, “Application of Adaptive Camber 
Mechanism to Morphing Wings,” NATO-RTO Applied Vehicle Technology Panel 
(AVT) Symposium, 2009. 
 
25. A.D. Finistauri, and F.J. Xi, “Type Synthesis and Kinematics of a Modular 
Variable Geometry Truss Mechanism for Aircraft Wing Morphing,” 
Reconfigurable Mechanisms and Robots, ReMAR ASME/IFToMM International 
Conference, pp. 478-485, 2009. 
 
26. R.K. Page, B.Sc.(Eng.), A.F.R.Ae.S., (1965) "Aircraft with Variable-Sweep 
Wings: A Discussion Outlining the Advantages and Disadvantages of Variable-
Sweep Aircraft and the Principal Features of Three Possible Types: a Trainer, a 
Strike Fighter and a Supersonic Transport", Aircraft Engineering and Aerospace 




28. J. J. Henry, J. E. Blondeau, and D.J. Pines, (2005). Stability Analysis for UAV’s 
with a Variable Aspect Ratio Wing. 46th AIAA/ASME/ASCE/AHS/ASC 






29. J. S. Bae, T. M. Seigler, D. J. Inman, and I. Lee, “Aerodynamic and Aeroelastic 
Considerations of A Variable - Span Morphing Wing,” 45th 
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials 
Conference; Palm Springs, CA; Apr. 19-22, 2004. 
 
30. J. Blondeau, J. Richeson, and D.J. Pines, “Design, Development and Testing of a 
Morphing Aspect Ratio Wing Using an Inflatable Telescopic Spar,” AIAA Paper 
2003-1718, 44th AIAA/ASME/ASCE/AHS Structures, Structural Dynamics and 




32. V.B. Shavrov, “History of Aircraft Construction in the USSR, Russian 




34. J.R.C. Mestrinho, J.M.I. Felício, P.D. Santos, and P.V. Gamboa, “Design 
Optimization of a Variable-Span Morphing Wing,” 2nd International Conference 
on Engineering Optimization, May, pp. 1-11, 2010. 
 
35. D. A. Neal, M. G. Good, C. O. Johnston, H. H. Robertshaw, W. H. Mason, and D. 
J. Inman, “Design and Wind-Tunnel Analysis of a Fully Adaptive Aircraft 
Configuration,” 45th AIAA/ASME/ASCE/AHS/ASC Structures, Structural 
Dynamics & Materials Conference, Palm Springs, California pp. 19-22, April, 
2004. 
 
36. T. Liu, J. Montefort, W. Liou, and S.R. Pantula, “Lift Enhancement with Static 
Extended Trailing Edge,” Journal of Aircraft, Vol. 44, No. 6, November-
December 2007, pp.1939-1947. 
 
37. J.L.Reed, C.D. Hemmelgarn, B.M. Pelley, and E. Havens, “Adaptive wing 
structures,” Proceedings of SPIE, vol. 5762, pp. 132-142, 2005.  
 
38. D.A. Perkins, J. L. Reed, and E. Havens, “Adaptive wing structures,” Proceedings 






























50. M. Abdulrahim and R. Lind, “Flight Testing and Response Characteristics of a 
Variable Gull-Wing Morphing Aircraft,” Aerospace Engineering, no. August, 
2004. 
 
51. T. A. Weisshaar, and T. H. E. M. Challenge, “Morphing Aircraft Technology – 






52. M.D., Skillen, and W.A., Crossley “Modeling and optimization for morphing wing 
concept generation II, part I: morphing wing modeling and structural sizing 
techniques”. NASA/CR-2008-214902. 
 
53. D.R. Bye, and P.D. McClure, “Design of a Morphing Vehicle,” 48th 
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 
Conference, 2007. 
 
54. D. Inoyama, B. P. Sanders, and J.J. Joo, “Computational Design of Morphing 
Wing Structures through Multiple-Stage Optimization Process,” 48th 
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials 
Conference, 2007. 
 
55. L. D. Wiggins, M. D. Stubbs, C. O. Johnston, H. H. Robertshaw, C. F. Reinholtz, 
and D. J. Inman, “A Design and Analysis of a Morphing Hyper-Elliptic Cambered 
Span (HECS) Wing,” In: Proceedings of 45th AIAA/ASME/ASCE/ AHS/ASC 
Structures, Structural Dynamics and Materials Conference, Palm Springs, CA, 
AIAA 2004-1885 (10 pp)., no. April, 2004. 
 
56. J.B. Davidson, P. Chwalowski, and B.S. Lazos, “Flight Dynamic Simulation 
Assessment of a Morphable Hyper-Elliptic Cambered Span Winged 
Configuration,” AIAA Paper 2003-5301, AIAA Atmospheric Flight Mechanics 
Conference and Exhibit, Austin, Texas, August 11-14, 2003. 
 
57. M. D. Stubbs, and D. J. Inman, “Kinematic Design and Analysis of a Morphing 
Wing Kinematic Design and Analysis of a Morphing Wing,” 2003. 
 
58. J. E. Manzo, “Analysis and design of a hyper elliptical cambered span morphing 
aircraft wing”, Cornell University, 2006. 
 
59. B.S. Lazos, and Visser, K.D., ‘‘Aerodynamic Comparison of Hyper-Elliptic 
Cambered Span (HECS) Wings with Conventional Configurations,’’ In: 
Proceedings of 24th AIAA Applied Aerodynamic Conference, 5-8 June, San 
Francisco, CA, AIAA 2006-3469 (18 pp) 2006.  
 
60. R.G. Musgrove, “The Eccentuator: A New Concept in Actuation,” In: Proceedings 





61. J.D. Bartley-Cho, D.P. Wang, C.A. Martin, J.N. Kudva, and M.N. West, 
“Development of High-rate, Adaptive Trailing Edge Control Surface for the Smart 
Wing Phase 2 Wind Tunnel Model,” Journal of Intelligent Materials Systems and 
Structures, vol. 15, no. 4, pp. 279-291, Apr. 2004. 
 
62. M. Abdulrahim, H. Garcia, and R. Lind, “Flight Characteristics of Shaping the 
Membrane Wing of a Micro Air Vehicle,” Journal of Aircraft, vol. 42, no. 1, pp. 
131-137, Jan. 2005.  
 
63. D.M. Elzey, A.Y.N. Sofla, and H.N.G. Wadley, “A bio-inspired, high-authority 




65. H.F. Parker, “The Parker variable Camber Wing”, Report #77, from the Fifth 
Annual Report, National Advisory Committee for Aeronautics Washington, DC, 
1920. 
 
66. A.Y.N. Sofla, S.A. Meguid, K.T. Tan, and W.K. Yeo, “Shape morphing of aircraft 
wing: Status and challenges,” Materials & Design, vol. 31, no. 3, pp. 1284-1292, 
Mar. 2010.  
 
67. H.P. Monner, D. Sachau, and E. Breitbach, “Development and design of flexible 
Fowler flaps for an adaptive wing,” Proceedings of SPIE, vol. 3326, pp.60-70, 
1998.  
 
68. D.P. Wang, J.D. Bartley-Cho, and C.A. Martin, and B.J. Hallam, “Development of 
high-rate large-deflection hingeless trailing-edge control surface for the Smart 
Wing wind tunnel model,” Proceedings of SPIE, vol. 4332, pp. 407-418, 2001. 
 
69. J.S. Bae, “Aeroelastic Considerations on Shape Control of an Adaptive Wing,” 
Journal of Intelligent Material Systems and Structures, vol. 16, no. 11-12, pp. 
1051-1056, Dec. 2005. 
 
70. S. Kota, J.A. Hetrick, R. Osborn, D. Paul, E. Pendleton, P. Flick, and C. Tilmann, 
“Design and application of compliant mechanisms for morphing aircraft 





71. D. Cadogan, T. Smith, F. Uhelsky, and M. Mackusick, “Morphing Inflatable Wing 
Development for Compact Package Unmanned Aerial Vehicles,” AIAA-2004-
1807, 45th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and 
Materials Conference, Palm Springs, CA, pp. 1-13, April 2004. 
 
72. L.F. Campanile, “Belt-rib concept for variable-camber airfoils: recent 




74. F. Austin, A. Jameson, G. Knowles, M.J. Rossi, and W.V. Nostrand, “Static shape 
control for adaptive wings,” AIAA Journal, vol. 32, no. 9, pp. 1895-1901, Sep. 
1994. 
 
75. T.A. Weisshaar, and S.M. Ehlers, “Adaptive wings- control and optimization 
issues,” Composites, vol. 2, pp. 457-476, 1992. 
 
76. Y. Dong, Z. Boming, and L. Jun, “A changeable aerofoil actuated by shape 
memory alloy springs,” Materials Science and Engineering: A, vol. 485, no. 1-2, 
pp. 243-250, Jun. 2008. 
 
77. J.L. Pinkerton and R. W. Moses, “NASA Technical Memorandum 4767 A 
Feasibility Study to Control Airfoil Shape Using THUNDER,” NASA Technical 
Memorandum, no. November, 1997. 
 
78. D. Munday, J. Jacob, and G. Huang, “Active Flow Control of Separation on a 
Wing with Oscillatory Camber,” AIAA Paper 2002-0413, 40th AIAA Aerospace 
Sciences Meeting & Exhibit, Jan. 2002. 
 
79. D. Munday, J. Jacob, T. Hauser, and G. Huang, “Experimental and Numerical 
Investigation of Aerodynamic Flow Control Using Oscillating Adaptive Surfaces,” 







81. H. Namgoong, W.A. Crossley, and A.S. Lyrintzis, “Aerodynamic Optimization of 
a Morphing Airfoil Using Energy as an Objective,” AIAA Journal, vol. 45, no. 9, 




83. R.G. Bryant, “Overview of NASA Langley’s Piezoelectric Ceramic Packaging 
Technology and Applications,” Components, pp. 1-8. 
 
84. http://www.faceinternational.com ; 2009. 
 
85. K.Y. Kim, K.H. Park, H.C. Park, N.S. Goo, and K.J. Yoon, “Performance 
Evaluation of Lightweight Piezo-Composite Actuators,” Sensors and Actuators A: 
Physical, vol. 120, no. 1, pp. 123-129, April, 2005. 
 
86. W.K. Wilkie, R.G. Bryant, J.W. High, R.L. Fox, R.F. Hellbaum, A. Jalink, B.D. 
Little, and P.H. Mirick, “Low-Cost Piezocomposite Actuator for Structural 





88. O. Bilgen, K.B. Kochersberger, and D.J. Inman, “Macro-Fiber Composite 
Actuators For A Swept Wing Unmanned Aircraft,” Aeronautical Journal, Special 
issue on Flight Structures Fundamental Research in the USA, no. 3337, pp. 385-
395, 2009.  
 
89. O. Bilgen, K.B. Kochersberger, D.J. Inman, and O.J. Ohanian III, “Macro-Fiber 
Composite actuated simply supported thin airfoils,” Smart Materials and 
Structures, vol. 19, no. 5,  055010, May. 2010.  
 
90. O. Bilgen, D.J. Inman, K.B. Kochersberger, and D.J. Leo, “Aerodynamic and 
Electromechanical Design, Modeling and Implementation of Piezocomposite 






91. O. Bilgen, K.B. Kochersberger, E.C. Diggs, A.J. Kurdila, and D.J. Inman, 
“Morphing Wing Micro-Air-Vehicles via Macro-Fiber-Composite Actuators,” 
AIAA Paper 2007-1785, 48th AIAA/ASME/ASCE/AHS/ASC Structures, 
Structural Dynamics, and Materials Conference, Honolulu, Hawaii, April 23-26, 
2007. 
 
92. O. Bilgen, K.B. Kochersberger, D.J. Inman, and O.J. Ohanian III, “Novel, 
Bidirectional, Variable-Camber Airfoil via Macro-Fiber Composite Actuators,” 
Journal of Aircraft Vol. 47, No. 1, pp. 303-314, 2010. 
 
93. R.W. Moses, A.S. Pototzky, D. A. Henderson, S. C. Galea, D. S. Manokaran, D. 
G. Zimcik, “Actively Controlling Buffet-Induced Excitations,” report RTO-MP-
AVT-123, Symposium on Flow Induced Unsteady Loads and the Impact on 










97. Load Cell; 
 http://www.ati-ia.com/products/ft/ft_models.aspx?id=Gamma 
 
98. M., Raffel, C.E., Willert, S.T. Wereley, and Kompenhans, “Particle Image 
Velocimetry. A Practical Guide,” J. 2nd ed., 2007. 
 
99. Seeding generator;  
http://www.dantecdynamics.com/Default.aspx?ID=807#1933  
 






101. M. Debiasi,Y. Bouremel, H.H Khoo, S.C. Luo, and Elvin Tan “Shape Change of 
the Upper Surface of an Airfoil by Macro Fiber Composite Actuators” AIAA 
2011-3809, 29th AIAA Applied Aerodynamics Conference 27 – 30 June 2011. 
 
102. E.N. Jacobs, and R.M. Pinkerton, “Tests of the N.A.C.A. Airfoils in the Variable 
Density Wind Tunnel. Series 44 and64,” National Advisory Committee for 
Aeronautics technical note No. 401, Dec. 1931. 
 





105. M. Debiasi, Y. Bouremel, H.H. Khoo, and S.C. Luo, “Deformation of the Upper 
Surface of an Airfoil by Macro Fiber Composite Actuators” AIAA 2012-3206, 
30th AIAA Applied Aerodynamics Conference 25 – 28 June 2012. 
 
106. E. N. Jacobs, K. E. Ward, and R. M. Pinkerton, “The Characteristics of 78 
Related Airfoil Sections from Tests in the Variable-Density Wind Tunnel,” 
National Advisory Committee for Aeronautics, Report No. 460, 1935. 
 
107. D. Munday, J. Jacob, and G. Huang, “Active Flow Control of Separation on a 
Wing with Oscillatory Camber,” AIAA Paper 2002-0413, 40th AIAA Aerospace 
Sciences Meeting & Exhibit, Jan. 2002. 
 
108. D. Munday, and J. Jacob, “Active Control of Separation on a Wing with 
Oscillating Camber,” Journal of Aircraft, Vol. 39, No. 1, pp. 187–189, 2002. 
 
109. D. Munday, J. Jacob, T. Hauser, and G. Huang, “Experimental and Numerical 
Investigation of Aerodynamic Flow Control Using Oscillating Adaptive Surfaces,” 







MACRO FIBER COMPOSITE - MFC
Actuator, Sensor, Energy Harvester
Energy Harvesting Systems




What is a 
Macro Fiber Composite (MFC)?
MFC P2 Type (d 31 effect)
PZT




•  Low Impedance sensor
•  energy generator
Elongator
•  powerful actuator
•  sensitive sensor
- Flexible and durable 
- Increased strain actuator efﬁ ciency 
- Directional actuation / sensing 
- Damage tolerant 
- Available as elongator (d33 mode) 
   and contractor (d31 mode)
- Conforms to surfaces
- Readily embeddable 
- Environmentally sealed package 
- Demonstrated performance
- Different piezo ceramic materials available
MFC benefi ts
metal layer - IDE















Sheet of aligned 
rectangular 
piezoceramic fi bers
Improved damage tolerance 
and ﬂ exibility relative to 
monolithic ceramic.
Schematic structure of the MFC
+ + + +
+
*protected under U.S. patent number 6,629,341, PCT/US00/18025; EP 1230689
The Macro Fiber Composite (MFC) is the 
leading low-proﬁle actuator and sensor 
offering high performance, durability and  
flexibility in a cost − competitive device. 
The MFC was invented by NASA in 1996. Smart 
Material started commercializing the MFC as 
the licensed manufacturer and distributor of 
the patented invention* worldwide  in 2002. 
Since then, the MFC has been continuously 
improved and customized to fit the customers’ 
specific needs and to meet the requirements 
for new applications. Today more than 25 
standard inventory sizes are available.
The MFC consists of rectangular piezo ceramic 
rods sandwiched between layers of adhesive, 
electrodes and polyimide film. The electrodes 
are attached to the film in an interdigitated 
pattern which tranfers the applied voltage 
directly to and from the ribbon shaped rods. 
This assembly enables in-plane poling, actua-
tion and sensing in a sealed and durable, ready 
to use package. As a thin, surface conformable 
sheet it can be applied (normally bonded) to 
various types of structures or embedded in a 
composite structure. If voltage is applied it will 
bend or distort materials, counteract 
vibrations or generate vibrations. If no voltage 
is applied it can work as a very sensitive strain 
gauge, sensing deformations, noise and 
vibrations. The MFC is also an excellent device 
to harvest energy from vibrations.   
The novel,  pliable and conformable features of 
the MFC also allow for structural health 
monitoring applications, morphing and 
stiffening of structures, lambda wave generati-
on and as a large area ultrasound 2−2 composi-
te generator. 
The MFC is available in d33 and d31 operational 
mode, a unique feature of the Macro Fiber 
Composite. The P1 type MFCs, including the F1 
and S1 types are utilizing the d33 effect for 
actuation and will elongate up to 2000ppm if 
operated at the maximum voltage rate of -500V 
to +1500V. The P1 type MFCs are also very 
sensitive strain sensors. The P2, P3 type MFCs 
are utilizing the d31 effect for actuation and 
will contract up to 750ppm if operated at the 
maximum voltage rate of -60V to +360V. The P2 
and P3 type MFCs are mostly used for energy 
harvesting and as strain sensors.
active Area Density       5.44 g/cm³   5.44 g/cm³
> 10E + 07 cycles  > 10E + 07 cycles      




High−fi eld (|E| > 1kV/mm), biased−voltage−operation piezoelectric constants:
d33*                                                       4.6E + 02 pC/N  4.6E + 02 pm/V
d31**                                                                                                                  -2.1E + 02 pC/N  -2.1E + 02 pm/V  
Low-fi eld (|E| < 1kV/mm), unbiased-operation piezoelectric constants:
d33*                                                                                                                    4.0E + 02 pC/N  4.0E + 02 pm/V
d31**                                                                                                                  -1.7E + 02 pC/N  -1.7E + 02 pm/V
Free-strain* per volt (low−fi eld — high−fi eld) for d33 MFC (P1)          ~ 0.75 − 0.9 ppm/V  0.75 − 0.9 ppm/V
Free-strain* per volt (low−fi eld — high−fi eld) for d31 MFC (P2)      ~ 1.1 − 1.3 ppm/V   ~ 1.1 − 1.3 ppm/V
Free-strain hysteresis*                                                               ~ 0.2   ~ 0.2
DC poling voltage, Vpol for d33 MFC (P1)                                                          +1500 V                   +1500 V
DC poling voltage, Vpol for d31 MFC (P2)                                                            +450 V   +450 V
Poled capacitance @ 1kHz, room temp, Cpol for d33 MFC (P1)                 ~ 0.42 nF/cm²  ~ 2.7 nF/in²
Poled capacitance @ 1kHz, room temp, Cpol for d31 MFC (P2)               ~ 4.6 nF/cm²  ~ 29 nF/in²  
Orthotropic Linear Elastic Properties (constant electric fi eld):
Tensile modulus, E1*                                                                                            30.336 GPa            4.4E + 06 psi
Tensile modulus, E1**                                                                                  15.857 GPa   2.3E + 06 psi
Poisson’s ratio, v12                                                                                                  0.31                                 0.31
Poisson’s ratio, v21                                                                                                   0.16                                  0.16
Shear modulus, G12 (rules-of-mixture estimate)                                                                               5.515 GPa      8.0E + 05 psi
Operational Parameters:
Maximum operational positive voltage, Vmax for d33 MFC (P1)                          +1500 V                       +1500 V
Maximum operational positive voltage, Vmax for d31 MFC (P2)                              +360 V   +360 V
Maximum operational negative voltage, Vmin for d33 MFC (P1)                           -500 V    -500 V     
Maximum operational negative voltage, Vmin for d31 MFC (P2)                            -60 V    -60 V
Linear − elastic tensile strain limit                                                         1000 ppm   1000 ppm
Maximum operational tensile strain                                                < 4500 ppm   < 4500 ppm
Peak work-energy density                                                                          1000 in − lb/in3  ~1000 in − lb/in3
Maximum operating temperature − Standard Version                          < 80°C   < 176°F
Maximum operating temperature − HT Version                                     < 130°C    < 266 °F
Operational lifetime (@ 1kVp−p)                                                    > 10E + 09 cycles  > 10E + 09 cycles
Operational lifetime (@ 2kVp−p, 500VDC)                                            
Operational bandwidth as actuator, high electric field
Operational bandwidth as actuator, low electric field   0Hz to 750kHz  0Hz to 750kHz 
                                              
0Hz to 10 kHz    0Hz to 10 kHz
Thickness for all MFC Types                                                                       approx 0.3mm  approx. 12 mil 
*  Rod direction
** Electrode direction
MFC Types specifi cations
MFC P1 / F1 Types (d33 effect actuators)
MFC P2 / P3 Types (d31 effect actuators)













90°  l2 
d31 Actuators with contracting motion P2
P2
model           active length          active width            overall length            overall width             Capacitance            free strain           blocking force
  mm  mm  mm  mm  nF  ppm  N
P1−Types (0° fi ber orientation)
M-2503-P1 25  3  46  10  0.25  1050  28
M-2807-P1  28  7  40  18  0.33  1380  87
M-2814-P1  28  14  38  20  0.61  1550  195
M-4010-P1  40  10  54  22  1.00  1400  126
M-4312-P1  43  12  60  21  1.83  1500  162
M-8503-P1 85  3  110  14  0.68  1050  28
M-8507-P1  85  7  101  13  1.53  1380  87
M-8528-P1 85  28  112  40  5.70  1800  454
M-8557-P1 85  57  103  64  9.30  1800  923
M-14003-P1 140  3  160  10  1.45  1050  28
F1−Types (45° fi ber orientation)
M-8528-F1  85  28  112  43  6.30  1350  485 calc.
M-8557-F1  85  57  112  75  12.70  1750  945 calc.
M-14028-F1 140  28  175  40  8.00  1350  485 calc.
M-43015-F1 430  15  460  23  10.7  1280  253 calc.
model           active length          active width        overall length         overall width         Capacitance            free strain            blocking force
  mm  mm  mm  mm  nF  ppm  N
P2−Types (anisotropic)
M-2807-P2  28  7  42  14  12.4  -650  -40
M-2814-P2  28  14  37  18  25.7  -700  -85
M-5628-P2 56  28  70  34  113.0   -820  -205
M-8503-P2 85  3  113  8  12.3  -480  -13
M-8507-P2  85  7  108  11  38.4  -670  -42
M-8528-P2 85  28  105  34  172.0  -820  -205
M-8557-P2 85   57  105  61  402   -840  -430
P3−Types (orthotropic)
M-2814-P3  28  14  36  16  29.5  -750  -110
M-5628-P3 56  28  70  34  121.7  -900  -265
M-8585-P2 85  85  105  90  605    -842  -650
        
Special MFC 
actuators & arrays
Due to our long - term experience in 
designing piezoelectric transducers 
and a well - equipped laboratory, we 
are able to help our customers along  
the whole development process so 
that their ideas come true. 
- Analytical calculation and FEA on 
sensor & actuator systems
- Numerical design and simulation for 
ultrasonic transducers
- Prototyping and mechanical/
acoustical tests
The Star MFC Advanced actuator elementsCustomized layouts and arrays




These include for example the Star MFC, 
for pumps and synthetic jets, the S1 
and S2 type MFCs, which consist of 
sensor and actuator elements for a 
closed loop control, as well as several 
other MFC arrays. 
In addition to manufacturing MFCs in a 
wide variety of standard sizes for our 
customers, we are also offering many 
specialized MFC layouts to meet our 
customers’ needs for specialized applica-
tions. 
triangular MFC for strain adaptation  customized contact padssensor/actuator arrays for closed loop control
The MFC technology is highly  adapta-
ble to specific application needs.  
Custom designed layouts based on 
your own ideas and requirements 
have a typical lead time of 5 weeks.
The design of the custom amplifi er is based 
on the renowned Trek amplifi er technology. 
With an output voltage of -500V to +1500V 
and a maximal output current of 50mA the 
PA05039 is designed to drive several P1 or 
F1 type (d33 effect) MFC's.
The MFC is capable of sensing strain based 
on the reverse piezo effect. Compared to 
a resistive strain gauge the MFC generates 
much higher output levels. This special 
preamplifi er was developed to make strain 
measurements down to the static state 
possible. In contrast to typical channel 
amplifi ers, no signifi cant drift can be 
observed with this outstanding module.  
To enable customers to perform their 
own tests on low frequency ultrasonic 
transducers this µC controlled power pulser 
 fo egatlov a evah seslup ehT .depoleved saw
+/- 280V with a frequency up to 100 KHz. 
Typical parameters like frequency, pulse 
number, refresh rate, uni−/bipolar mode 
and shut down time can be programmed 
via the RS 232 serial interface.
Generating energy form environmental 
vibrations is one of the current challenges 
for engineers. This development kit con-
sists of a simple on−desk shaker with sui-
table power amp unit, several MFC gene-
rator structures and 3 electronic modules 
with different measurements circuits. 
It enables scientists from mechani-
cal engineering and electronics to stu-
dy causal relations between mechanical 
 .stuptuo lacirtcele dna sretemarap tupni
This multi−cannel amplifi er series, with up 
to 4 independent channels, was designed 
for precise control of single MFC actuators 
and MFC actuator arrays . 
These amplifi ers are ideal power sources 
for both the P1/F1 and P2/P3 MFC's. An ad-
ditional audio input allows the customer 
to apply signals easily from their note-
book’s soundcard.
Systems
High Voltage Amplifi er and Pulser
Data Acquisition Systems and Energy Harvesting
Equipped with 4 independent input chan-
nels (high impedance voltage preamps) 
this module can be used to monitor dy-
namic events on the fl ight measured with 
MFC sensors from milliseconds up to 
some hours. All parameters for the SMART 
Logger can be programmed via USB. 
A software allows to display the input sig-
nals and save the data as CSV−fi le.  
SMART Power Amp PA05039 (made by TREK) SMART PowerSonic 280-PW
SMART Charge SMART Logger SMART Energy Harvester Development Kit
Smart Power Amp HVA 1500/50-4
MFC related Questions
  
    
Q: Which adhesives are you recommending to bond MFCs to a structure?
A:  We recommend two component adhesives like 3M‘s DP 460 Epoxy or Loctite‘s E120 HP Epoxy.  Best results are obtained 
 if the adhesive is cured at 50°− 60°C for 2 hours and the MFC is pressed against the structure  with a fi xture during curing.
 
Q: I want to use the MFC as a strain sensor but it seems I can not get any reading?
A:  Make sure you have attached the MFC to a structure that is actually inducing a strain into the patch,  i.e. stretching 
 or compressing the fi bers.
 
Q: What is the max force that an MFC can produce?
A:  The MFC will expand at 1800 ppm over the length of the actuator (free strain).  The blocking force is about 4kN/cm² for 
 the active cross section of the MFC.
 
Q: Is the MFC porous or non−porous?
A:  The MFC is non-porous due to its environmentally sealed packaging.
  
Q: What type of force does a standard MFC generate, including displacement?
A:  The M8557P1 is generates about 900N blocking force and ~150µm displacement (free strain).
    
Q: What is the typical density of an MFC?
A:  Typical areal density is 0.16g/cm² or volume density of 5.44 g/cm³
    
Q: What is the mechanical effi ciency of an MFC, meaning electrical energy transformed into mechanical energy?
A:  This question requires a little more in depth analysis:
a) In general a PZT 5A1 material used in the MFC has an effective coupling coeffi cient (k33) of about 0.69.  That is its fi rst order 
 electrical − to − mechanical energy conversion effi ciency.  k33 is a measure of effi ciency, but not the actual effi ciency
b) k33² is the ratio of stored mechanical energy to input electrical energy (= 0.48), but this is not the same as output 
          work energy  effi ciency, since one can not actually use all of the stored energy to do useful work.
c) Max. output work energy effi ciency (under optimum loading condition) for the MFC will work out to about 0.16,  so max 16% 
 of  input electrical energy can be converted into useful output work with an MFC.
d) Max. output − work energy effi ciency is not the same as output − work to consumed electrical energy effi ciency!
          Most (may be 97 − 99%, depending on dielectric loss of the package) of the electrical energy not converted to work is  actually 
 stored electrostatically, i.e., like in a capacitor. You can recover that energy, in principal, with a clever drive electronic design.
    
Q: How tight a radius of curvature can you bend the MFC before cracking? For example the standard size 
 3.4“ x 2.2“ MFC M8557P1.
A:  Max. mechanical tensile strain for the MFC is approx. 4500 ppm, before fracture. This applies to a MFC without an electric field 
applied. The package might be still functional, although elastic properties will change. For 7-mil ceramic, this works out to a 
minimum curvature diameter of the actuator of about 3.5 inches (curled in fiber direction) and 3 inches curled perpendicular 
to the fiber direction.
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8 SECTION B-B 
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Assembled Test Section with 
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and Airfoil mounted
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Item No. Item Name 
Item 8 Airfoil Model
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